APPLIED PHYSICS AP1102BS

UNIT-1

PRINCIPLES OF QUANTUM MECHANICS

FAILURES OF CLASSICAL MECHANICS:-

It doesn’t explain

e The stability of atoms
e Origin of discrete spectra of atoms
e Spectrum of black body radiations

e Photo electric effect, Compton Effect, Zeeman Effect, Raman Effect.

Newton corpuscular theory:

Light consists of minute fast moving elastic particles known as corpuscles.

But it fails to explain interference, diffraction, and polarisation.
Huygens wave theory and Maxwell’s electromagnetic theory:

Light travels in the form of waves in hypothetical medium ether.

Successfully explained the phenomenon of interference, diffraction polarisation.
Quantum theory of light by max Planck:

Matter is composed of a large no. of oscillating particles which vibrate with different

frequencies.
Energy of oscillating particle is quantised.
E= nhd
When they move from one state to another state It emits or absorbs energy.
AE = hY

This emission and absorption of energy is not continuous but it takes place in discrete

amounts of hd.
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Exchange of energy between light and matter is not continuous, but it is small bundles
or packets or quanta of definite energy proportional to frequency of light. These small

packets of energy are called photons, which propagate with light speed.

BLACK BODY RADIATIONS:

A black body is a body which absorbs the radiations of all wavelengths incident up on it.
It neither reflects nor transmits any of the incident radiations and therefore appears black
whatever be the colour of radiation. When a black body is heated, it emits radiations
which are known as black body radiations. No actual body is a perfect black body. A

black body can artificially constructed

Construction: According to Ferry, a black body consists of a hollow thick double walled
sphere, painted lamp black internally and provided a small circular opening to enter the
radiations. A projection is placed in front of the opening to prevent the direct reflection.
When a radiation enters, it suffers many reflections inside the sphere and is finally

absorbed.

~_double walled
\  sphere

projection ——

\_\
“circular
opening
radiation

Stefan’s law:

According to Stefan, when a black body is heated to some temperature T, the total energy

emitted by it is directly proportional to fourth power of the temperature.

E oc T4

E = oT*
Where o is called stefan’s constant.
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Energy Distribution Curves:

H&S,NRCM

The distribution of energy in a black body for different wavelengths at different
temperatures was experimentally determined by Lumer and Pringshen in 1899. so,
according to them,

The emission from a black body at any temperature is composed of radiation of all
wavelengths

The total energy of radiation at any temperature is given by the area under the
curve.

As the temperature of the black body increases, the intensity of energy of the
radiation for each wave length increases.

The wave length corresponding to the maximum energy shift towards shorter
wavelength as the temperature increases. This is called Weins-Displacement Law.
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PLANCK’S LAW:

Statement:

According to this law, the energy emitted by a black body with in a wavelength range A to

A+dA is given by

8mhe 1

Eidi=|—— x— — di
" l e[ 2] 1] ‘

Proof: According to Planck’s hypothesis,
A black body consists of number of oscillators inside the cavity of the black body.
Each oscillator can have discrete set of energies given by,

E,=nhv =0

If N is the number of oscillators inside the cavity and E is the total energy. Then, the

average energy per oscillator is

=]}
I
= m

Let No, N1, N2, N3, Ng, ....... be the oscillators inside the cavity with energy 0, hv, 2hv,
3hv, 4hv,....... respectively.

Therefore,

N= No+ N1+N2+Ns+ Nat .......

E= (0)No+(hv)N1+(2hv)N2+(3hv)Ns+ (4hv)Na+t .......
E= (hu)N1+(2hv)N2+(3hv)Ns+ (4hv)Na+ .......

According to Maxwell-Boltzmann distribution law, the number of oscillators having (rhv)

energy is given by,

—:r‘hv]

Ni"' = ND ex?'} |: li['er

The total number of oscillators,
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N= No+ N1+N2+N3+ Ns+
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Ohv 1hv —2hv —3hv

N= Nc.exp[ ]+auexp[ ]+Nuexp[hil_]+ Ny exp h’T}+'"'"'"
NeN. + N [ hv] N Ehv] N Ehv]

= e £ =3
W =10Np !ﬂxph’T !Dxphi'" !Dxphi'"

hv 2h Jhv
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et x = exp KT
N=~Ng[1+x+ [x]*+ [x]®+ &
N =~Ng[1L—=x]?2

Ng Ng

N = =
T e [

The total energy is given by

E= (hv)N1+(2hv)N2+(3h0)Ns+ (4ho)Na+
—1hv

KT

e lx [t @]
hv

let x = exp [ ET}
E= {{_hl’}!"ﬁru x} X
E = {(hv)Ng x} x [1 —=x]*

E= {{:hv}Nﬁ exp

{{hl Ny exp[

{(Wv)N, x}
- [=xP

{'l:.i’u INg exp [ 'P;_

1o ]

Average energy of the oscillator,
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{()
~ [l - exp hv ]
E=
1— exp
_(mew[3)
=
5o (hv)
[l exp[ hv]]
]
o (hv)
- -1
1[5
w[5r] e 7]
7 (hv)
1
v [ir] -1

The number of oscillators per unit volume in a frequency range v to v+duv is,

8o

N =
CE

o

Therefore the energy per unit volume with in the frequency range v to v+dv is,

Egdd = NE
82 {hv)
Egdf = = dd x o <
[exp (7] - 1]
8rhds 1
Egdd = — T di

* hwv
[exp [7e7] 1]
This is Planck’s law in terms of frequency

We know that
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C
8=~ &Egdd = ~Edi

On differentiation

4 = —— di
-

On substitution,

o 3
E;dd= —Egdf = — lgﬁtgi) x i . (_idA)‘

el 1] *

Eda= |2mRE ! da
ARET s he :
1]

(2 [377] -
This is Planck’s law in terms of wavelength
Wien's formula:

This formula is applicable on shorter wavelength side of the Planck’s law

8mhe 1

Eidd =
B R P

7 dA

So, when A is small, 1/ A is very large

Therefore

he
] == 1

exp [}{ KT

Hence 1 can be neglected from the denominator of the Planck's law

FE he

{BRhc 1 ]
Eydd = b da
e [3x7]

This is called Wien's formula.
Rayleigh jeans formula:

This formula is applicable on longer wavelength side of the Planck’s law
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8mhe 1

Epdd = [—% x
S P =

: da

So, when A is large, 1/ A is very small
Then,

[hc}—l—i- hc+ hcr hc]g_l_
“Plagrl™ " axr " Lwrl T GET

he
since, KT is small, higher order terms can be neglected in the above expression

Hence,
[ hc] i+ he
e =
*P|3KT AKT
On substitution,
E dﬂ—aﬁhc X ! da
A - AS |:l+£_lj|l
AKT
8mhc 1
Ejdd=—z X —— dA
Ah’T:I
8mKT
Ejdi=—7

This is called Rayleigh jeans formula

PHOTO ELECTRIC EFFECT:

When a light of suitable frequency illuminates a metal surface, electrons are emitted from
the metal surface. These photo generated electrons are called photo electrons.

Light radiations Photo electrons

N P

Photo sensitive
metal
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Experimental Verification:
Arrangement consists of

e Two photo sensitive plates A and B enclosed in a quartz bulb. Plate A is
connected to negative terminal of battery and plate B is connected to positive
terminal of battery through a ammeter and a resistor. Hence, plate A acts like a
cathode and plate B acts like a anode.

e When light radiations are made to fall on plate A, the photo electrons are emitted
by it and are attracted by the anode (plate B). Hence there is a flow of current in
the circuit called as photo electric current.

Light radl

( j —
L Photo electr ,J

+ )
I— O,

e This photo electric current is a function of
o Incident light radiation frequency
o Intensity of incident light radiation
o Voltage potential across the plates

e Plate A is the metallic surface in which electrons requires a minimum energy to
escape out from the metal surface. This minimum energy is called as work

function.
(D:h Vo
Variation of Photo Electric Current

With frequency of incident radiation: Keeping intensity of incident radiation and applied

potential as constant, if the frequency of the incident radiation increases, then up to
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Photo electric

current

certain frequency called threshold frequency (vo), the photo current is zero and after that

varies as shown

Photo electric
current

) Frequency(Hz)

With intensity of incident radiation: Keeping applied potential as constant, if the

intensity of the incident radiation increases, then the photo current also increases. But
the threshold frequency remains constant for a given material even the intensity

increases

0 Frequency(Hz)

With applied potential: Keeping intensity and frequency of radiation as constant, if

the applied potential increases, then the photo current also increases and becomes
steady. Even if the applied potential is zero, there will be certain current in the circuit
due to constant incident radiations. To make this current as zero if the reverse
potential is increased, current decreases and becomes zero at a potential called as

stopping potential

10
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Photo electric
rrent
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Einstein Photo Electric Equation:

According to Einstein, when light of energy (hv) is incident on a metal surface, a part
of incident energy (hvo) is utilized to remove electron from the material and remaining

energy (hv-hvo) is appeared as kinetic energy of the electron. There fore
(hv-hvo)=K.E
(hv-hvo)=1/2 m V2

The above equation is called as Einstein photo electric equation. Where ¢=hvo is

called as work function.

COMPTON EFFECT:

Statement: When a mono chromatic beam of high frequency radiation is scattered by
a substance, the scattered radiation contains two components. One having wavelength
greater than the incident called as modified component and other having the same

frequency as the incident called as unmodified radiation.

2
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target electron

O scattered electron
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Derivation:
let us consider a x-ray photon collide with an electron at rest.
Energy of incident photon= hv
Momentum of incident photon= hv/c
Let mo be the rest mass of electron.
Energy of rest electron= moc?
Momentum of rest electron= 0
Before collision,
Energy of the system before collision= hu+ moc?
Momentum of the system before collision= hv/c+0
Let ¢ and 6 be the scattering and recoil angle of photon and electron respectively.
Then,
energy of scattered photon= hv’
momentum of scattered photon=hv’/c
energy of recoil electron= mc?
momentum of recoil electron= mv
After collision,
Energy of the system after collision= hv’+ mc?
Momentum of the system after collision=hv’/c + mv
Applying law of conservation of energy,
Energy before collision=energy after collision

hu+ moc? = hu’+ mc?

12
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mc? =hv-hv’ +moc?

mc? =h(v-v’) +meC?
Squaring on both sides
(mc?)? =(h(v-v’) +Moc?)?

m?c®* = [h(w —v" ) + (myc®?+ 2h(v —v") m,c?
mic* =h*(v—v")* + m, %+ 2h(v —v') m,e
méct =3 +hN - 200w+ m At - ) my - - - - - - - - (1)

Applying law of conservation of momentum

along the incident radiation,

hv  hv'
= cosgh + mv cos8
(o] €
hv  hy'
— cosgr = mv cosd
c
mvec cos@ = hv — hv' cosg

squaring on both sides

{mvec cos8)? = (hv — hv' cosgh)*

m2vr?c? (cos@)? = (vl 2+ (hv' cosgp)® — 2 (hvd{hv' cosg)
m2v2e? (cos6)2 = h2v2+ h2v' (cosg)? — 2 2w’ cosg

Perpendicular to the incident radiation

!
sing = —mw sin &
hv' :
0= singr + mwv sin &
hv' singhr = — muve sin @

sgquaring on both sides
{(mve sin@)? = (hv' sing)?

13

AP1102BS

H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS
m2v2c2(sin@)? = v (sing)?

adding above two final expressions

.

m*vc? (cosd) 2+ m2vic?(sind)* = h?vi+ A% (cosd)?— 2 h%vv' cosg + W3y (sing)?
m2ZrZe2 = hZvZ 4+ hZv'T — 2 hZv’ cosgh — — — —{ 2]

Subtracting eq (2) from eq(1)

mic® — mvict
= h2? + h20'" — 2h2w + my2c*+ 2h{v —v')m,c? — h2v? — h?
+2 h*w' cosg

mie?(e? — v¥) = -2h%w' + m, c*+ 2h{v —v" ) m,e® + 2 h*w' cosg

m2c(c? - v¥) = m 2+ 2h(v —v' ) m,ct -2 hPw' (1 -cosg)

From special theory of relativity

T,
M=
f <

| e
*-Jl =

squaring on both sides

. my- Mg 2c?
m?2 = = =3 ~
R e te

R

P

mic? —v?) =m,%c?

On substitution,

Y

(my%c?)e = m,%c* + 2h(y —v')me® = 2 h%wv' (1 - cosg)

my2c* = my,%c*+ 2Zhi{v — v )m c®— 2 h2vv' (1 — cosg)
0= 2hiv—v')m,c®—2h*wvv' (1 —cosg)

2hiv —v' )my,e®* =2 h*w' (1 —cosg)
(v—v")myc?= hvv' (1— cosg)

o —w') el i

ARt T o eZ (1 —cose)
1 1 ho
T mgc? (1-cos¢)
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¢c ¢ h (1 }
v’ w mgc cos¢
h
A—i=—(1-
— (1— cosg¢)
h
A'=A4+ (1—cosg)
myc

From the above equation it is clear that the wavelength of scattered radiation is greater

than incident radiation

Therefore, Compton shift is given by

.
di=1-1=—{(1-cos¢)
m,c

Special cases:

h h

ifp =0thendi=21"—-21 = (1- cos0) = (1-1)=0
NaC mye
. fi. h
if¢ =90, thendi=21"—1 = (1—cos90) = (1-0)=
m,e m,C myc
o DT & ey 2R
ifgp =180, thenddi=A1"—41 = P {1 —cos180) = :r—noc (l { l}} = :r—nor:

WAVES AND PARTICLES:

Wave is a disturbance that propagates through space and time, usually with
transference of energy. Wave’s travel and transfer energy from one point to another, often
with little or no permanent displacement of the particles of the medium. it is specified by its

frequency, wave length, phase or wave velocity, amplitude and intensity.

A particle has mass and it is located at some definite point. The particle is specified
by its mass, velocity, momentum, energy. A subatomic particle is an elementary or composite
particle smaller than an atom. Particle physics and nuclear physics are concerned with the

study of these particles.

15
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MATTER WAVES:-

In 1924, Louis de- Broglie suggested that matter has dual nature. Matter might exhibit

wave like properties under approximate conditions.
Louis debroglie led to the concept of matter waves by considering the following.

» Since radiations has been shown to possess dual nature. Matter must also possess dual
nature.
> Radiation is supplemented with particle characteristics to explain optical

phenomenon, such as photo electric effect.

On similar lines material particles have to be supplemented with a wave aspect for
understanding their behaviour. Based on the above concepts, debroglie made a bold
suggestion in his doctorate thesis and presented the new idea of matter waves. For this he was

honoured with the award of noble prize in 1929.

DE-BROGLIE HYPOTHESIS:

In 1924, de-Broglie extended dual nature to material particles or micro particles like
electrons, protons, neutrons etc. according to his hypothesis, when particles are accelerated

then they will spread like a wave with a certain wave length.
He gave simple mathematical equations to support his hypothesis as follows:

The dual nature of matter was explained by combining Planck’s equation for energy of a

photon,
E=h9

And Einstein’s mass and energy relation E = mc?

mc?z = hd
We know that velocity of light, ¢ = 91
Therefore, h < = mc2
2
h h
A = - =
mc
16
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The above equation indicates that a photon is associated with a momentum ‘P’.

AP1102BS

Consider a particle of mass m, moving with a velocity v is associated with a wave

called matter wave of wavelengthA, given by

A=—
mv

This is known as de-Broglie wave length.

If E is the Kinetic energy of the material particle, then

Therefore, P = \2mE

Hence, de-Broglie wavelength,

deBroglie wavelength associated with electrons:

Let us consider the case of electrons of rest mass mo and charge ‘e’ being accelerated

by potential “V’ volts.

Therefore, debroglie wavelength
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h 1226

= = AO
V2emoV WV

A

CHARACTERISTICS OF MATTER WAVES:

Since,

» Lighter the particle, greater is the wavelength associated with it.

> Lesser the velocity of particle, longer the wavelength associated with it.

» For v=0,4 =x. This means that only with moving particles matter waves are
associated.

» Whether the particle is charged or not, matter wave is associated with it.

» Matter waves can travel faster than light.

c? 1 4
W=?:g—)c

» Particle and wave nature cannot be exhibited simultaneously.

EXPERIMENTAL STUDY OF MATTER WAVES:-

In 1927, Davisson and germer in the United States and in 1928 Thomson proved
experimentally the existence of matter waves. They demonstrated that streams of electrons
are diffracted when they are scattered from crystals. Also, stern and others showed the

existence of matter waves in connection with molecular and atomic beams.

GERMER-DAVISSON EXPERIMENT:

Experimental arrangement:

Electron gun

7 Electron
A - detector
incident
heam - /7 Scattered electron

v heam

Metal target (crystalline Nickel)

18
H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

The experimental arrangement consists of an electron gun G where the electrons are
produced and obtained in a fine beam by passing them through slits siand s2. The beam of
electrons is directed to fall on a large single crystal nickel, known as target T. the electrons
acting the waves, are diffracted in different directions. The angular distribution is measured
by an ionisation chamber ‘c’ which is connected to galvanometer. The chamber can moves on
a circular graduated scale ‘s’ between 29 to 90 degrees to receive the reflected electrons. A
retarding potential is maintained in the chamber so that only fast moving electrons coming

from electron gun may enter inside it.

The secondary electrons (slow electrons) produced by collisions with atoms from
nickel target are reflected by ionisation chamber. In this way the galvanometer deflection is

only due to electrons coming from electron gun.

For a particular accelerating potential “V’, the ionisation chamber is moved to various
positions on the scale s and galvanometer current is noted for each position. A graph is then
plotted between galvanometer current against angle © between incident beam and beam

entering the cylinder. The observations are repeated for different accelerating potentials.

)

Vv
v

44v 54V 60V
It is observed that a bump begins to appear in the curve for 44 V electrons.
v With increasing potential, the bump moves upwards.

v The bump becomes most prominent in the curve for 54 V electrons at 6=50

v At higher potentials, the bumps gradually disappear.

According to de-Broglie, the wavelength associated with electron accelerated through a

potential V is given by

19
H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

For V=54 V,

12.26
A=——A°

V54

A =1.67 A°

From X-ray analysis, for nickel crystal d=0.149. According to experiment, 6=50.

Corresponding angle of incidence relative to the Bragg plane is

Therefore, for n=11 = 2d sin8 = 1.69 A

This is the good agreement with the wavelength from de-Broglie hypothesis. Since two

values are coincided, hence confirms the de-Broglie concept of matter waves.
G-P THOMSON EXPERIMENT:-

G-P Thomson performed experiments with electrons accelerated from 10,000 to
50,000 volts. In these experiments, Thomson observed diffraction patterns and determined

the wavelengths of electrons.

His experimental arrangement is as shown.

Electrons
Incident Beam
2o
@ =
y =
Photographic
‘ ‘ Target Plate

20
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The high energy electron beam is produced by cathode ‘c’ which is accelerated to a
potential 50,000 volts. A fine beam is obtained by passing it through the slit s. the accelerated
fine beam of electrons now falls on a thin film G of gold. The photograph of the beam from

the foil is recorded on a photographic plate P.

After developing the plate, a pattern consisting of concentric rings about a central spot
is obtained which is similar as produced by X-rays.

To be sure, that this pattern is due to electrons or X-rays, the cathode rays in the tube
are deflected by magnetic field. It was observed that beam shifts correspondingly showing
thereby that the pattern is produced by electrons and not by X-rays.

As the diffraction pattern can only be produced by waves and not by the particles, so
Thomson concluded that electrons behave like waves. The wavelengths obtained by

diffraction patterns agrees well with the wavelength’s obtained by de Broglie relations.
Thus Thomson experiments clearly demonstrated the existence of matter waves.

SCHRODINGER WAVE EQUATION:

Schrodinger in 1926 developed a wave equation for the moving particles. If a particle

of mass ‘m’ moving with a velocity v is associated with a group of waves.

Let ¢ be the wave function of the particle

@ = Qo sin(wt — Kx) .cooe.... (1
where K=2z
A

Differentiating twice the eq. (1)

62¢__

==K sin(wt —Kx) = —K2Q ...cccecernnn. (2)
9x?2 P
0%
—+ K200 =0
0x? ¢
02p  4m?
W*‘?q) =0......(3)
From de-Broglie wavelength, 1 = * e e eee (4)
mv
21
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From (3) & (4),

¢ 4mm%v?

+ ©=0...... (5)

ox? h?

If E is total energy and K & V are kinetic and potential energies then

E=K+V
K=E-V
1
_mvi=E-V
/A
m2vz = 2m(E = V) ..........(6)
From (5) & (6)
0%2p  4m?
W+F2m(E -MNe=0
d%2p 8m?

W"‘ﬁm(E—V)go:O

Since, h="t. The above equation becomes,

21

This is the Schrodinger wave equation in 1-D.

For 3-D,

92 92¢ 92¢ 82

+ 4+ 7+ T mE-V)9=0.......(8)

9x2 9y? 0z2 h2

. y a2 2 2
Using laplacian operator, V2= —_ 4 9~ | 9~
9x2  9y? 072

From (8)

2
Vip + _Zm(E -1Mep=0
h

This is the Schrodinger wave equation. Since time factor doesn’t appear in the above

equation this is called Schrodinger time independent equation.

22
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PHYSICAL SIGNIFICANCE OF¢:-

The wave function ¢ has no direct physical meaning. To explain the relation of
particle to wave packet Max Born proposed the physical significance of ¢. According to
Born pp* = |@|? gives the probability of finding the particle in the stateg. That is ¢? is a
measure of probability density. For the total probability of finding the particle somewhere is

Nel?dx dy dz = 1.

@ Satisfying above requirements is said to be normalised.
Besides normalisation, the wave function ¢ must fulfil the following requirements.
e It must be finite everywhere.

If it is infinite at a particular point, then pbb. of finding the particle at that point is

infinitely large. This is not possible. Hence, ¢ must be finite or zero value at any point.

e It must be single valued:
If it is multi valued then finding a particle at a point will have more value. It is not
possible.

e |t must be continuous:

2
For Schrodinger equation %must be finite everywhere. This is possible only when
ox

9¢ js continuous. Which means that ¢ is continuous.

ox

PARTICLE IN ONE DIMENSIONAL POTENTIAL BOX:-

Consider a particle of mass ‘m’ moving along X-axis between the two rigid walls A
and B at x=0 and x=a. the particle is free to move between the walls. The potential energy is

constant between the walls because no force is acting on the particle.

Since the particle strikes the walls and get reflected back. So, the force acting on the
particle abruptly changes from zero to a finite value F with in a distance of zero at the wall.

We know that|F| = v Therefore, AV — 0 as Ax - such that % has a finite value.
ox ox

So, potential energy of particle becomes infinite at the walls. Therefore,

V(x) =x forx <0 andx > a

23
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V(ix) =0 for0<x<a
The Schrodinger wave equation for particle is given by

0%p 8m?
W"‘ﬁm(E—V)(p =0

As V=0 between the walls,

Let

The solution of above equation is

@(x) = Asin Kx + B cos Kx

AP1102BS

2
8LZm(E) = K2. Therefore,
h

Where A & B are constants, which are obtained by applying the boundary conditions.

=0atx=0,x=a

o ¢9=0atx=0
0=Asin0+ Bcos0
->B=0
@(x) = Asin Kx
e p=0atx=a
0 = AsinKa

Either A=0 or sinKa =0 but A # 0

Because if A=0, the entire function will be zero as B=0.

Therefore, sin Ka =0

Ka=nm

K="E

a

Therefore wave function becomes,

nm
p(x) = Asin—y
a
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We know that
nm 2 gp2
K2 = (7) & Fm(E) = K2,
Therefore,
nt 2 8m?
() =7z m®
nZhZ
" 8ma?

From the above equation it is clear that the particle can have only discrete set of values of

energy. That is energy is quantised.

hZ
8ma?’

E1= forn=1

4h?

8ma?’
En = anl

E; = forn=2

The value of A can be obtained by applying normalisation condition given in below equation

[Mel?dx dy dz = 1.

Since the particle is inside the box of length ‘a’, the pbb. of finding the particle inside the box
IS unity.

a
[ lol2dx=1
0

a ni 2
J (Asin—x) dx=1
0 a

a
A2 [ 1[1—cosznﬂx]dx= 1

5 12 a
2
A_ [x —_% sin 2mm] =1
2 2nm a
A%a
> 0=1
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The normalised wave function is

nm
on(x) = ‘/E sin—x
a a

The wave function ¢» and corresponding energiesE», which are often called eigen

function and Eigen values respectively.
The Eigen function in 3-d potential well is

S />
Qn = E’) sin K1x sin K2y sin K3z

mmn

WhereK =— K =",K _mm
1

a

And Eigen value is

Where, n2 = n12 + n22 + ns?

Where three integers ni,nz,n3 are called quantum numbers. ni, nz, nzare never be zero,

since ¢ is not zero.
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UNIT-2

SEMICONDUCTOR PHYSICS

ENERGY BANDS OF SOLIDS:-

In an isolated atom, the electrons are tightly bound and have discrete, sharp energy
levels. A metal or any solid contains a large no. of atoms. These are very close to each other.
As the interatomic distance decreases, the allowed energy levels of electron of one atom
overlaps with those of neighbouring atoms. Hence in a solid the energy level corresponding
to any one quantum no. splits up into many closely spaced levels, thus forming a band of

energy.

The width of this band depends on the degree of overlap of electrons of adjacent

atoms and is largest for the outermost atomic electrons.

The electrons in the lower energy bands are of no importance in determining electrical
properties of solids. Hence, the electrons in the outermost bands of solids are important in
determining many of the physical properties of solids. Therefore, the allowed energy bands
are valence and conduction bands. The band corresponding to outer most orbit is called
conduction band next inner band is called valence band. The energy gap between these two
allowed bands is called forbidden energy gap. In this gap, electrons cannot have energy

values.

Valence band is occupied by valence electrons and conduction band which is vacant
at 0 K. according to the width of the gap between the bands and band occupation by
electrons, all solids can be classified broadly in to three groups, namely metals,

semiconductors and insulators.

N ¥
/
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CLASSIFICATION OF SOLIDS:-

In solids the gap between the two outer most allowed energy bands depends on the

equilibrium spacing between the atoms.
As ro decreases the band gap also decreases.

Insulators: if the energy band gap is wide enough, say of the order of 5-10 eV, then it is
virtually impossible at all the practical temperatures to thermally excite an appreciable no. of
electrons across this gap from the top of the highest filled band to the bottom of the lowest

empty band.

All bands are then either completely filled or empty at any temperature and therefore
an external electric field cannot cause any current. All solids, elements and compounds

having this character of bonding and thus zero conductivity, are classified as insulators.

Eg: - diamond with a band gap, 7eV.

Vv

Semiconductors: - if the band gap between the highest filled and the lowest empty bands is
quite small, say of the order 1 eV or less, then there will be an appreciate no. of electrons that
will be excited thermally from states near the top of the filled band to states near the bottom

of the next empty band across the band gap.

Eg: germanium with energy gap 0.78 eV, silicon with energy gap 1.21 eV.
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All semiconductors become insulators as the temperature approaches absolute zero. At
sufficiently high temperatures, all insulators must exhibit semiconductor behaviour.

Conductors:- solids which are having a great no. of the free electrons in the outer most
valence band which is partially filled, then those solids are called conductors. They conduct
electricity at all temperatures. The electrical conductivity of a conductor is much larger than

that of a semiconductor due to its large concentration of free electrons.

SEMICONDUCTORS:-

A semiconductor is a solid having a fully filled valence band which is separated from
an empty conduction band by a forbidden gap at absolute zero. This gap is usually quite
narrow in semiconductors so that at finite temperatures some of the electrons of the filled
valence band are always excited across this gap in to the conduction band where they become
free. Further as the temperature increases, more and more electrons are free in this manner.

Hence, in these materials, it is possible to control the carrier concentration.

On the other hand, in metals and insulators such a control is not possible by any
means. The mechanism that provide and control the free charge carrier concentration in

semiconductors will be classified into two broad categories.

1. Thermal effects: at a finite temperature there is a certain no. of electrons that is

excited from the filled valence band to the empty conduction band, and as the

temperature is increased this number is also increased.

An electron so exited leaves holes behind in the valence band. Both, the
electrons in the conduction band and the holes in the valence band can act as charge

carriers.

2. Introduction of certain impurities in to the pure semiconductors: a suitable highly

doped semiconductor at low temperatures will bring about a change in the charge
carrier concentration. The properties of such semiconductors are therefore
controllable by the nature and amount of impurities added. Such semiconductors are

classified as the extrinsic semiconductors.

In pure semiconductors, the primary mechanism that brings a change in charge

carrier concentration arises from the valence band to conduction band. Obviously

29
H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

their properties are determined by the inherent nature of the elements themselves.

Such semiconductors are classified as the pure or intrinsic semiconductors.

INTRINSIC SEMICONDUCTORS:

The band structure of intrinsic semiconductors at 0 K is not unlike to that of
insulators. There is a vacant conduction band separated by an energy gap Eg from a filled

valence band.

At absolute zero, the electric conduction is not possible. But as the temperature is
increased, the electrons are thermally excited from the valence band to the conduction band.
Where they become free and the conduction is possible. Hence, the electron-hole pairs are
created. The no. of electrons in the conduction band will be equal to the no. of holes in the

valence band.
Calculation of density of electrons and holes: -

Let dn be the no. of electrons available between energy interval E and E+dE in the

conduction band.

dn = Z(E)F(E)dE
Z(E)dE —Density of states in the interval E &E+dE.
F(E)-pbb. that a state of energy E is occupied by an electron.

If E. is the energy corresponding to the bottom of the conduction band then,

n=[dn= fooZ(E)F(E)dE
Ec

[Since pbb. of electrons occupying the upper levels of conduction band reduces to zero at

infinity].
We know that density of states between energy interval E and E+dE is given by

a1
Z(E)dE =__ (2m)3/2EY/2 dE
h3

Since electron is moving in a periodic potential, its mass has to be replaced by its effective

massm,
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4
Z(E)dE = " (2m*)32E1/2 dE
ﬁ e

Since the energy E starts at the bottom of the conduction bandE.,

4
Z(EYE = " (2m*)3/2(E — E )V/? dE
ﬁ e c

Pbb. of an electron occupying an energy state E is given by

1

1 + e(E—EF/KT)

F(E) =

F(E) = e((Er—E/KT))
Therefore,

n=[ i_Z(ZmDWZ(E b Ec)l/Ze((EF—E/KT)) dE
Ec

o0

4
=3 (2m)3/2 [ (E — E)/2e(E—E/KD) gE

Ec
it b
=_3(2m;)3/2[eEF/KT]f (E _ EC)l/ze((—E/KT)) dE
h |}
To solve this integral, let us point
E—Ec:x, E=x+E:; dE = dx

_(Egﬂ))
KT

4m 2
n =gz (2m)*2[e /KT [ ()12 ¢ dx

0

41 « 3/2 (Ep-E)/KT .° 172 (-
=— (2mo)  [e J &) e wodx
0

Using gamma functions,

o) () 1/2
f Gorze ) dx = (KT)¥? ”2
0
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Therefore,

— 47‘[ 7'[1/2
n= *\3/2[ o(EF—Ec) /KT 3/2
8 (2m?)3/%[e 1(KT) 5

That is no. of electrons per unit volume of the material is given by

2mm*KT 3/2 (E —E)
(s

n=2F——1 expl—pr—]

Similarly no. of holes per unit volume of the material is given by

Z[ZHmZKT]‘?’/Z [(EU_EF)]
= b1 exp[———=
g hz i KT

Intrinsic carrier concentration:-
In intrinsic semiconductor,
n=p

Hence n=p=n; is called intrinsic carrier concentration. Therefore,

: 5 3 & KT
3 —
= 4 PKTY (meme y3/2000p (B
h2 e h KT
Where (Ev — Ec) = Ej is the forbidden energy gap.
Hence,
3/2 i
ni = 227 Gneme y3/sesp (259
h? d 2KT
Fermi level:
Since n=p in intrinsic semiconductor,
2mm*KT 3/2 (E.—E) 2mm* KT 3/2 (E —E)
2[0S ew[ “l=2[__t ] ew[
h? KT h?2 KT
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« Er — Ec
(7719)3/2 exp [u] = (

*)3/2 (Ev - EF)
KT My

exp [T]

2Er.  my 37 (Ev + Ec)
exp ] =C ) exp (g7

Taking log on both sides

2Er 3 m;, (Ev + Ec)
[er ] =3 109 Gy + (g7

3KT l mj, (Ev+Eo)
Er=——lo )+ (———
P == log () + (———)

If we assume,m* = m*. Then
e

(Ev+ Ec)
W

Thus, Fermi level is located half way between the valence band and conduction bands and its

position is independent of temperature.

A

>

Since m* is greater than m*, EF is just above the middle and rises slightly with increasing
h e

temperature.
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EXTRINSIC SEMICONDUCTOR:-

A semiconducting material in which the charge carrier originates from impurity atoms

added to the material is called impurity semiconductor or extrinsic semiconductor.

The electrical properties of pure semiconductors are drastically modified by addition

of certain impurities.

Eg: - addition of boron to silicon in the proportion of 1 boron atom to 105 silicon atoms

increases the conductivity of pure silicon by a factor 103at room temperature.
There are two types of impurities possible.
n- Type semiconductor:

Pentavalent elements which are having 5 electrons in its outermost orbit are added to
an intrinsic semiconductor in small trace, then the semiconductor formed is called n- type

semiconductor.

Out of 5 electrons of the impurity 4 electrons are bounded to the germanium atoms

and 1 electron is left free which is weakly bonded to the atom.

Even for lesser thermal energy, this fifth electron is released leaving the parent atom
positively ionised. In the energy level diagram, the energy level of the fifth electron is called
donor level which is very close to the conduction band. The electron in donor level gets

excited to conduction band at room temperature only.

Hence, majority charge carriers in n-type semiconductor are electrons and holes are

minority charge carriers.
P-type semiconductor:

Trivalent elements which are having 3 electrons in its outer most orbits are added to
an intrinsic semiconductor in small trace, then the semiconductor formed is called p-type

semiconductor.

All the three electrons in In (indium) are engaged in covalent bonding with three
neighbouring Ge atoms. In needs one more electron to complete its bond. Since In accepts
one extra electron to complete the bond, the energy level of this impurity atom is called
acceptor level.
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This acceptor level lies just above the valence band. Even at relatively low
temperatures, the acceptor atoms get ionised taking electron from valence band and thus
giving rise to the holes in valence band for conduction.

Hence, majority charge carriers in p-type semiconductor are holes in valence band

and minority charge carriers are electrons.
Carrier Concentration in N-Type Semiconductor:-

Let Na is the donor concentration, the number of atoms per unit volume of the
material and Eq is the donor energy level. At very low temperatures all donor levels are filled

with electrons.

With increase of temperature more and more donor atoms get ionised and the density

of electrons in the conduction band increases.

Density of electrons in conduction band is given by

2mm*KT 3/2 (E —E)

n=2 [h—;] exp [%“—] . .. (1)

The density of ionised donors is given by

E; —Ep

Na[1 — F(E))] = N &P ( ) T (2)

KT

At very low temperatures, no. of electrons in conduction band must be equal to the no. of

ionised donors.

2nmiKT 3/2 (Ep —E,) E; — Eg
28 fhRicipl a2 3715 exp( T ... 3
h? K d KT
Er — Ec e — 199 Na
Dy ) 72
2[ ]
2EF—(Ec+Ed) Na

exp [C KT ) = —Zomwrr 372

[ ]

Take log on both sides
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2Er — (Ec + Ea) N4
[ KT =ty ~—mr 377
2 e
[ ]
Ec+ Eay | KT N
E = (58 4+ %o SO ¢
R
20 ]
Ato K
E.+E
g = i S, (5)

At 0 K, Fermi level lies exactly at the middle of the donor level Es and bottom of the

conduction bandE..

From equation (1)

2mm*KT 3/2 (E —E)
F c

n=2[h—§] exp [ ]

KT

Substituting (4) in above equation.

( ) |

KT KT

Ea—E: 1 Na

= exp Flsel —— 1 k]
[ 2KT 2 g( an:KT 3/2

2[7% ]

Ea—E 1 Na
=e = E—
xp ( KT ) exp (2 log ( 3 [an*eKT]g/z))
h2

1/2
Ed —_ Ec Nd
= exp (g7 ( 372

2TmeKT
w2 ]
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Hence,
1/2
2mrm*KT 3/2 Ed —E Nd
— e C
=21 ep (g )(2 T 372)
hz2—

2rm*KT 3/4 E —F

n = (2Nq)1/? [h—;e] exp ( dZKT )

At low temperatures,

n o« v/Na
i.e., density of electrons is proportional to square root of donor concentration.
Variation of Fermi level with temperature:-

With increase of temperature Er increases slightly from equation (4). As the
temperature increased more and more donor atoms are ionised. For a particular temperature

all the donor atoms are ionised.

Further increase in temperature results in generation of electron- hole pair due to

breaking of covalent bonds and material tends to behave in intrinsic matter.

The Fermi level gradually moves towards intrinsic Fermi levelE:.

.
SN
_________

Variation of Fermi level with donor concentration:The lowering of Fermi level from EF

E +E . .. . . . . .
where E = =%—*to intrinsic Fermi level E with the rise of temperature is slow in the case
F 2 i

of higher donor concentration material than the lower one.
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Carrier Concentration in P-Type Semiconductor:-

Let Nq is the acceptor concentration, the number of atoms per unit volume of the

material and E. is the acceptor energy level. At very low temperatures all acceptor levels are
empty.

As the temperature increases acceptor atoms get ionised i.e., electrons from valence

band move to vacant sites of acceptor level leaving holes in the valence band.

Density of holes in valence band is
2mmy KT */* (Ev — Er)

p=2] hz—] exp [T] R |

Since EF lies below the acceptor level, the density of ionised acceptors is given by
EF . Ea
KT

Na[F(E.)] = N €XP ( ... (2

Density of holes in V.B = density of ionised acceptors.

2mm’ KT s (Ev — EF) Er — Ea
hZ ] exp [ KT ] = M €xp ( KT
E,+E, 2E N
exp[ 24 —=F) = . I A3)
KT KT ’ [27Tmh*h£]3/2

Taking log on both sides

Ev+ Eq KT Na
Er = ( > ) —710g (W) L ()]
2[ h2 ]
E,+Eq
AtOk B = ( J; ) ... T———

At 0 k Fermi level lies at the middle of the acceptor level and top of the valence band.
Substituting (4) in (1)

2mm’ KT 3/2 (Ev — EF)

=2 n___ -
p h2 ] exp [ KT ]
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[ Ey+Eq KT Ng ]
(E —F) 'EU - 5 t,log (Z[anhKT 3/2) ,
v F h2
exp [ KT I =exp KT |
[ ]
1
2
(Ev e Ea) Na
= exp [ 2KT ] +10g( 21Tm;lKT 3/2)
h2
{ }
1/2
(Ev - Ea) Na
=exp [ 2KT 2mm s KT 3/2)
h2 ]
Therefore,
1/2
2mm’ KT */* (05— 1) N.
=2[ 1 exp| 1C D
h 2KT 2mm’ KT 3/2
27T
2mm* KT 3/4 (EU — Ea)
_ 1/2 h exp [+—%

Therefore, p « Nql/2,

AP1102BS

i.e., holes in valence band are directly proportional to square root of acceptor concentration.

Variation of Fermi level with temperature:-

With the increase of temperature, Er decreases slightly as per equation (4). As

temperature is increased more and more acceptor atoms are ionised and at a particular

temperature all acceptor atoms are ionised.

Further increase of temperature generates electron-hole pairs and material tends to

behave as intrinsic semiconductor. The Fermi level gradually moves towards intrinsic Fermi

level.
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Variation of Fermi level with carrier concentration:-

Ept+Eg

The raising of Fermi level fromE when E = ( ) to intrinsic Fermi level E with
F F 2 i

rise of temperature is slow in case of highly doped one.
Variation of Carrier Concentration With Temperature:-

For an n-type semiconductor the variation of n and p with temperature is shown an

above.

» At 0 K, conduction band and valence band are free from any charge carrier hence zero
conductivity.

» With increase of temperature, donor atoms get ionised and electron concentration in
conduction band increases until all the donor atoms are ionised. This region is called

impurity range.

> During this process, Fermi level shifts towards donor level E; from the middle of
Ecand Ea.
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> At about room temperature, all donor atoms get ionised. So, concentration of electron
in conduction band remains constant for certain temperature range. This region is

called exhaustion range. In this region, Fermi level crosses donor level.

> As the temperature is increased further, when thermal energy is sufficiently high,
covalent bonds are broken and electron-hole pairs are formed. Hence, electron get
excited to conduction band. Further increase of temperature more and more electrons
from valence band reach conduction band and Fermi level moves down gradually
until it reaches the middle of the forbidden gap. The material practically becomes

intrinsic and so this region is called intrinsic range.

DIFFUSION CURRENT AND DRIFT CURRENT:

The diffusion of carriers across the junction depends on the concentration of carriers

across the junction.

The diffusion current density for electrons is

dn
Ju(dif fusion) = eDn Ix

The diffusion current density for holes is
dp

Jp(dif fusion) = era

dp - . :
Where dn, “ is concentration gradient.
dx dx

And Dn, Dy are electron and hole diffusion constants.

Due to diffusion of electrons from n-type to p-type leaves the region near the junction
on n-side positively ionised forming positive space charge. Similarly, on p-side negatively
ionised forming negative space charge region. Hence, Es is produced in a direction opposite

to that of diffusion current. Hence, minority charge carriers drift from one side to another.
The current density due to electron drift
Jn(drift) = eunnEs

The current density due to hole drift
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Jp(drift) = euppEs

The total electron and hole current densities are given by

Jn(total) = Jn(dif fusion) + Ja(drift)

dn
Jn(total) = —eDn ™ + eunnEsp
Similarly, J (total) = —eD ® + @ pE
p Pa p B

At equilibrium, the diffusion and drift current cancel each other.
Jo(dif fusion) + J,(drift) = 0
Jp(dif fusion) + Jp(drift) = 0

HALL EFFECT:

Suppose a material carrying an electric current is placed in a magnetic field. Then an
electric field is produced inside the material in a direction which is at right angles to both the
current and the magnetic field. This effect was discovered by Edwin H Hall in the year 1879.
This phenomenon is known as the Hall Effect and the generated voltage is known as hall

voltage.

Let us consider a n-type semiconductor. Let v be the velocity of the electron flowing right to
left just opposite to the conventional flow of current and magnetic field is applied
perpendicular to the flow of current. Then, the electron experiences a force of ‘Bev’ due to

magnetic field which is perpendicular to both ‘B’ and flow of current.

VDC
I 4 |
+ + + + + + + +
4E,
R Vi
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Thus electron is deflected causing a negative charge to accumulate on one face of the slab. A
potential difference is therefore established between faces and gives rise to a force eEx on

electron in opposite direction. At equilibrium,

eEy = Bed
Ey = BS
If J is current density, then
J =ned
J
) =
ne
Therefore,
J
En =B—
ne
En = BJRu

Where, Ry = i is called hall coefficient. Since all quantities Ex,J, B are measurable, the

hall coefficient Ry and hence the carrier density ‘n’ can be found out.

For, n-type field is developed in negative direction compared to p-type. Therefore,
For n-type, R —
For p-type, B = —

Determination of Hall Cooefficient:

If b’ is width of sample across which hall voltage V» is measured. Then

- _VH
"
En
RH_B_]
Vu
H_B_b]
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Vu = Ru BbJ

If't’ is thickness of sample, then current density, J = !
A

AP1102BS

bt

I
Vi = Ry Bb X E
y Vit
B 7
Determination of Mobility:
For n-type material, on = nepe
= —On_
= _1/RH
For p-type material, — pun =
/Ry
Applications of Hall Effect:
> Determination of mobility, p = _* _ oRy
1/RH
» Determination of carrier concentration, n = e
eRy
» Determination of magnetic flux density, B = Yt
IRy

Determination of type of semiconductors
For n-type semiconductor Ryis negative.

For p-type semiconductor Ry is positive.

P-N JUNCTION:

Fabrication:-

When a layer of p-type semiconductor material is placed on the layer of n-type

semiconductor material insuch a way that the atoms of

p-type combine with the atoms of n-

type across the surface contact. Such a surface junction where combination has occurred is

known as P-N junction. In practice, a PN junction is obtained in three ways.

1. Grown junction type
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2. Fused or alloyed junction type
3. Diffused junction type

Grown junction type:

Grown junctions are formed when donor impurities are introduced into one side and
acceptor impurities in to the other side of a single crystal at the time of crystal growing from

a melt of silicon or germanium.

First germanium or silicon are melt is doped with a small amount of p-type impurity.
Then after sufficient time during the growth process an n-type impurity is added in sufficient
quantity to overcome the effect of p-type impurity so that subsequently n type material is

formed.

Advantages: locating the junction and also attaching leads to narrow grown junction regions
is difficult.

Alloy junction type:

In this type, p-type and n-type materials are kept in contact and fused together

properly by heat treatment to form junction.

Eg: an indium is pressed on a wafer of n-type germanium. During few minutes of heat
treatment, indium atom’s fuse into the surface of germanium and produce p-type region.

Hence, P-N junction is formed.
Diffused junction type:

In this process, a p-type impurity is painted into n-type substrate and both are heated.

Now impurity atoms diffuse into n-type substrate for a short distance and from p-n junction.

The formation of p-n junction is shown below. When the p-type and n-type are joined,
in the region of contact the free electrons diffuse from n-region and combine with holes in p-

region. This leaves n-region near the boundary positively charged and p-region negatively.

As a result, electric field Es appears in small region w on either side of junction. This
region is called depletion region. Due to this electric field Ep , potential difference appears
across the region and this potential Vs is called contact potential or barrier potential or

junction barrier.
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ENERGY DIAGRAM OF PN DIODE:

The energy level diagrams of p-type and n-type materials are as follows.

EC EC
Ee
Er
E, E,
P type n type

When PN junction is formed the Fermi levels become common for both the types.

Ecp

The contact potential ¥V across the junction is due to the potentials of depletion regions on n-
side V» and p-side Vp is

VB:Vn_Vp

Under unbiased condition, no net current flow at equilibrium. The electric field Es across the

junction is given by

Es :Evp —Em= Ecp —Em=eVp= e(Vn—Vp)
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Symbol of PN junction diode:

1]

g
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BIASING OF PN JUNCTION:

When the PN junction is unbiased,
)

across the region. ‘
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it is in equilibrium and contact potential Vzappears
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When the positive of the source is connected to the p-side and negative of the source is
connected to the n-side, then the junction is said to be forward biased. This voltage appears
across the depletion region. Since, Vs acts from n to p, the electrostatic potential barrier is

lowered and is given by Vs — V¢. The electric field in the transition region reduces. Since, the

width of the transition region is proportional to the VV, the width of transition region

decreases.
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When the positive of the source is connected to the n-side and negative of the source
is connected to the p-side, then the junction is said to be reverse biased. Since this potential
acts along V', the electrostatic potential barrier increases by Vs + V» . The electric field in the
transition region increases. Since the width of the transition region is proportional to the
square root of the electrostatic potential barrier, the width of the transition region increases.
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V-1 Characteritics of P-N Junction

Unbiased Circuit:

when the junction is not connected to any voltage source, it is said to be unbiased and
due to barrier potential across the junction, there is no flow of charge carriers and hence no
current flow through the junction.

Forward biased circuit:

when the diode is forward biased, since the potential barrier height is very small,
when the applied voltage exceeds that value, the junction resistance becomes almost zero.
Hence, for small increase of applied voltage, large increase in circuit current is observed. The
current is called forward current. Under forward bias, the d.c resistance is around 100 ohms
for germanium diode.

Reverse biased circuit:-

When the diode is reverse biased, a slight reverse current (in pA) flows in the
circuit. Even for a large increase in bias voltage, there is a negligible increase in current.
When the applied reverse voltage is high enough to break the covalent bonds of the crystal,
the current rises suddenly. This voltage is called breakdown voltage or reverse voltage. For

Ge diode reverse resistance is around 1MQ.

Forward
region

Current

Breakdown
voltage

r 3

|
L

Voltage (V)

!

Reverse current Forward Voltage (V)
leakage

Reverse
region

49
H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

UNIT-3

PHYSICS OF SEMICONDUCTOR DEVICES

INTRODUCTION:

Conductivity of silicon is about 1011 times lesser than that of copper and is about
1013 times higher than that of fused quartz.

e And also conductivity of semiconductors increases as the temperature is increased

e Devices made of semiconductors are small with less weight, more reliable and
inexpensive.

e The vacuum tubes have been replaced by semiconductor devices like p-n junction
diodes, transistors etc.

e The advantages of semiconductors over vacuum tubes are

Vacuum tubes require vacuum, but semiconductor devices doesn’t need.

Semiconductor devices are smaller in size, lighter in weight.

Semiconductor devices are operated at very low voltages.

Power consumption is also very low for semiconductor devices.

Performance of semiconductor devices is very reliable than vacuum tubes.

YV V V V V V

Operating life of semiconductor device is appreciably longer than vacuum tube.

e Silicon has almost no free electron at room temperature as compared with ‘Ge’ .hence

‘Si’ is preferably used in fabrication of semiconductor devices.

CARRIER GENERATION:

Carrier generation is a process where electron-hole pairs are created by exciting an
electron from the valence band of the semiconductor to the conduction band, there by

creating a hole in valence band.

Free .
Light ° electrons
° Conduction
\/\ " _# = band
\/\ Energy
gap
I voiorco
. band
Holes
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RECOMBINATION OF CARRIERS:

Any electron which exists in the conduction band is in a meta-stable state and will eventually
fall back to a lower energy position in the valence band filling a hole in the valence band.Due
to de-excitation of electrons to lower levels there by producing or emitting extra energy in the

form of radiations. There are two types recombination’s.
¢ Radiative recombination
¢ Non radiative recombination.
Again non radiative recombination is of two types
¢ Auger recombination and
® Trap assisted recombination

Radioative recombination:

It is the recombination mechanism that dominates in direct band gap semiconductors.A direct
band gap semiconductors is one in which the maximum energy level of valence band aligns
with the minimum energy of the conduction band. In this process when the electron moves
from its conduction band in to the empty valence band state associated with a the energy is
released in the form of radiations. Depending on the material chosen, the out put radiation

will be either light or heat energy.

Photan at EQ

L

. Conduction band E,
i
i
}

Valence band E,

Auger recombination:

An auger recombination involves three carriers.An electron and a hole recombine, but

rather than emitting the energy as heat or a photon, the Energy is given to a third carrier,
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an electron in the conduction band.This electron then thermalises to conduction band.
Auger recombination is most important in heavily doped material.

Two Auger
Excitation excitons recombination

+

— c—— [RRRS——
hv
WAVAV. o — Ener gy
transfer
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Trap-assisted recombination:

This recombination is otherwise called as shockley-readhall recombination.This

recombination is called as trap assisted because th deexcited electron from higher energy
level falls into trap.The trap is an energy level within the band gap caused by the presence
of foreign atom or structural defects.The electron occupying the trap, in a second step,

moves into an empty valence band state thereby completing the recombination process.

.
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LIGHT EMITTING DIODE:[LED]

Construction:- the typical construction of LED is as shown in figure.

LED has to be constructed in such a way that most of the radiative recombination’s
takes place from the side of the junction nearest to the surface so that loss due to reabsorption

is minimised.

The LED is constructed on a GaP n-doped substrate. A thin epitaxial p-doped GaP
layer is grown on the top of this substrate.

Electrical contacts can be made leaving as much of the upper surface of the p-type
material uncovered. The recombination takes place and radiation is generated between p and
n layers i.e., PN junction. Since GaP layer is transparent, the radiation escapes through the

top layer. To the bottom electrode a reflective layer is added to improve efficiency.

Emitted light

Ptype \l-'—r-'
\ 4

)JJJ-)J

Active region  m— ] [* ] [* ¥)

@ @ @
/ @

N-type

Free electron @ Substrate

Hole
Photon @

Requirements:-

LED material must have energy gap of appropriate width, both p and n types must exist with

low resistivity’s, efficient radiative paths must be present.
Working:-
PN junction diode operated under forward bias gives rise to injection luminescence.

Under forward bias, majority carriers from both sides of the junction cross the internal
potential barrier and enter the other side of the junction. Where they are minority charge

carriers. This process is called minority carrier injection.
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These excess minority carriers while diffusing away from the junction undergo

radiative recombination with majority carriers, emitting photons.

The no. of radiative recombination’s is proportional to the carrier injection rate.

Free electrons jumping from
conduction band to valence band

. to recombine with holes
Conduction band

=
< <@ Emitted photons
A or
= Emitted light
. o
Forbidden
gap
W
4 A
- - |

Valence band
Free electrons @

Holes

Photons @

Process of light emission in LED

Advantages:-

e 0/pis bright

e they can be operated in a wide range of temperature 0 to 70
e Available in different colours.

e Verysmall in size

e Has long life and high degree of reliability

e Viewing angle is not limited.

PHOTO DIODE:-

Construction: the typical silicon photodiode structure for photo-conductive operation is as

shown below.

A junction is formed between heavily doped p-type material (P+) and fairly lightly

doped n-type material so that the depletion region extends well in to the n-material.

Metallic contacts can be made directly to the P+ material but to obtain an ohmic contact to

the n- material an intermediate n* layer is formed.
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Cathode Photons
® & o

L e, g

i-region

Anode

Working:- the function of the photodiode junction is the opposite of an LED junction.

In a PN junction diode, the depletion region is formed on the either side of the

junction when there are no free carriers.

Only ionised atoms of opposite polarity remain. When an electron-hole pair is
generated by photon absorption within this region, the internal fields causes the electron and

hole to separate.
This charge separation can be detected in two different methods.

If the device is left on open circuit an externally measurable potential appears
between p and n regions. This is known as photo voltaic mode of operation.

If we short circuit the device externally, the external current flows between the p and

n regions. This is known as photo conductive mode of operation.

Characteristics:

The amount of photo current generated is independent on the amount of incident optical
power. As more photons are incident on th active region, more charge carriers are created,

hence more photo current.
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Where, I-photo current
s- responsivity of photo diode

P- optical power.

AP1102BS

At high incident light intensity, photo diode is saturated due to depletion of carriers. Thus,

excess photons are not absorbed.

Photo current(i)mA

Advantages:

Low noise

Low dark current

Low bias voltage

Higher reverse voltages to be tolerated
High-speed response

Low junction capacitance

SapSamel 5 @ N P

Large depletion region

Disadvantages of PIN diode :

Power(P)mW

1. Less sensitivity.
2. No internal gain.
3. Small area.
4. Slow response time.
5. High reverse recovery time due to power loss are significant.
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Applications:

1. These diodes are used in the RF and also for microwave switches and microwave
variable attenuators since they are said to have low capacitance.

2. They are used in Photodetectors and photovoltaic cell and the PIN photodiodes are
used for fibre optic network cards and also switches.

3. These diodes are effectively used for RF protection circuits and it can also be
utilized as an RF switch.

4. The PIN photodiode is also used to detect X-rays and gamma rays photons.

SOLARCELL:

The solar cells are semiuconductor junction devices which are used for converting
optical radiation in to electrical energy. The generated electric voltage is proportional to the
intensity of incident light. Due to their capability of generating voltage, they are called as
photovoltaic cells. A solar cell converts photon power into electric power and delivers this

power to load.

Construction: figure shows the construction of solar cell.

Incident sun light

Outerying ?ss
f -

A

junction
Vec :

\

metalliccontact

Symbol: the circuit symbol for solar cell is
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The cell is a P- N junction diode with appropriately doped semiconductors. The top p-type
layer is made very thin so that the light radiation may penetrate to fall on junction. The
doping level of p-doped semiconductor is very high. Every effort is made to ensure that the
surface area perpendicular to sun is maximum. P- Type material is surrounded by a nickel
plated ring which serves as the positive terminal of the cell. A metallic contact at the bottom

of the cell acts as a negative terminal.

Working: when a photon of light energy collides with the valence electron either in p-type
or n-type material, it imparts sufficient energy to the electron to leave its parent atoms. As a

result, free electrons and holes are generated on each side of the junction.

In p-type material, the newly generated electrons are minority carriers which are free
to move across the junction with no applied bias. In n-type material, the newly generated
holes are minority carriers which are free to move across the junction with no applied bias.
The result is an increase in minority carriers flow. In this way depletion region potential

causes the photo current to flow through the external load.
Advantages:

1. Itis aself generating device.

2. Pollution free energy conservation system.

3. It can be operated over a wide range of temperatures

4. These are extensively used in space satellites for long period of time for source of

power.
Limitations:

1. Low efficiency
2. Doesn’t convert all solar rays in to electrical energy.

3. More effective in outer space applications than terrestrial applications.
Applications:

1. Inportable exposure meters

2. In space satellites

3. Inlow resistance relays for ON and OFF operations.
4

Used in detectors.
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SEMICONDUCTOR LASER DIODE:

The semiconductor laser is also called as diode laser. It has very important application in
fibre optic communication. The wave length of the emitted light depends up on the band
gap of the material. If p and n-type materials are prepared from the same material then the
p-n junction is called as homojunction semiconductor laser source. If p and n type
materials are prepared from different materials then they are called as hetro junction

semiconductor laser source.

Principle:When a p-n junction diode is forward biased, at junction holes and electrons
recombination occurs. Due to recombination photon are emitted. This emitted photons

stimulate further recombination and hence a laser output is obtained.

Construction: GaAs crystal which is heavily doped with suitable dopants to form a p-n
junction.At the junction the sides through which emitted light is coming out are well polished
and parallel to each other.Two metal contacts are taken , one from the p-type and other from
the n-type which acts like a cathode and a anode.Since the p and n-type materials are
prepared from the same material,the p-n junction is called as homojunction semiconductor
laser source. The basic mechanism responsible for light emission from a semiconductor is the
recombination of electrons and holes at p-n junction when a current is passed through the
diode.

¥ Melal Conlast
;” Parfially
/—i-:u:l shad
. face
Poar B p = | 3500
Supply Palished Qutput
T /Lp Matal Cantact
W

pn junction

W

Roughened Face
Working: When a current is passed through a p-n junction, holes are injected from p-
region into n-region and electrons are injected from n-region into p-region as junction is
forward biased. The electrons are minority charge carriers in p-side and holes are
minority charge carriers in n-side.The excess minority charge carriers recombine with

majority charge carriers of n and p material, resulting in the release of photons. Further
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emitted photons increase the recombination rate. Only pulsed output is obtained. This

drawback is overcome in hetro junction laser structure. For example Ga Al As.

ENERGY LEVEL DIAGRAM:

Characteristics:

The characteristics are drawn between output current and output light intensity. Below the
threshold current, the output is due to minority charge carrier recombination. Further
emitted photons increase the recombination rate, current increases sharply after the

threshold current, hence the light output also.

Light
output
Threshold
, current
o) : Current

Figure of merits:

1. Semiconductor lasers are cheapest and smallest lasers available
2. Semiconductor lasers are Massey produced and easily fabricated
3. The laser output can be easily modulated

4. Highly efficient
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Disadvantages:
1. Itis very difficult to grow different layers of PN junction.
2. Thecostis very high.

Applications of laser diode:

Fibre optic communication

Metal cutting

Welding

Lasers are widely used in electronic industry in trimming the components of ICs.

o Wb

Lasers are used to destroy kidney stones and gall stones. The laser pulses break the
stones into small pieces.
6. Lasers are used in cancer diagnosis and therapy.

7. Lasers are used in blood loss less surgery
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UNIT-4

LASERS & FIBER OPTICS

INTRODUCTION:

The light emitted from a conventional light source said to be incoherent because the
radiation emitted from different atoms do not bear any definite phase relationship with each

other.
LASER-light amplification by stimulated emission of radiation.

LASER is also a light source having high monochromacity, high intensity, high directionality
and high degree of coherence. Lasing has been extended up to y —rays. y —Ray Lasers are
called as Grasers. The Laser is the outgrowth of Maser which means microwave
amplification by stimulated emission of radiation. If the stimulated radiation lies in optical
region, then the device is called as optical MASER or LASER.

CHARACTERISTICS OF LASER:

The important characteristics of a LASER radiation are

1. Laser is highly monochromatic
2. Highly directional

3. Highly coherent

4. Highly intensified

Monochromatic: The Laser light is highly monochromatic. The spread is of the order of few
angstroms only. That is less than 10A. and Laser emit continuous waves of very long

duration.

Directional: The emitted lights from LASER are only in one direction as the photons

travelling along the optical axis of the system.

Coherent: the waves emitted by a laser source will be in phase and are of same frequency.
Whereas convention light source [incandescent lamp] emits random wavelength light waves

with no common phase relationship.
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Intensity: a LASER beam emits light in the form of a narrow beam which propagates in the
form of plane waves. As the energy is concentrated in a very narrow region, its intensity is
tremendously high. It is estimated that light from a typical ImW LASER is 10000 times
brighter than the light from the source at the earth’s surface.

Divergence: the divergence or angular speed of the LASER beam is extremely small. The

angular speed is given by

1.221
ah=

d

Where ‘d’ is diameter of the front mirror. In case of gas lasers A8 is small as 10> to 10-¢

radians.

SPONTANEOUS AND STIMULATED EMISSION OF RADIATION:

Consider a radiation interacts with matter. for interaction to occur, first of all the
energy of the interacting photon A9 must match with energy difference between the two

states of the atoms involved in the interaction.

Stimulated absorption:

If the radiation interacts with atoms in the lower energy state say E1, the atoms absorb

the energy and get excited to higher energy state E2. This process is called stimulated

absorption.
E> E> 'y
N
1
:
1
1
1
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1
1
1
:
. E1 E1
Initial state final state
63

H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

Stimulated emission:

If the radiation interacts with atoms which are already in the exictedstate E2, then the atom
comes to the lower energy state E1 occurs with the emission of photons of energy hd. This

process is called stimulated emission.

» E> E>
1

: /
1

:

v

E1 E1 ()
Initial state final state

Spontaneous emission:

In this process, the atoms in the exited state drop to the lower energy state after they
have stayed in excited state for some time called life time. During this process, photon of
energy hd has been emitted. The life time of the particle in the excited state is of the order
10-8 sec. There exist some excited states in which life time is much greater than 10-8 sec.

these states are called metastable states. The life time of the atom in meta stable state is of the

order 10-3sec.

T E> E>
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1

i

1
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e
Initial state E1 E1 final state
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EINSTEIN COEFFICIENTS AND THEIR RELATIONS:

Consider a substance, in which the process of stimulated absorption, spontaneous
emission and stimulated emission occur simultaneously. Let N1 be the no. of atoms per unit
volume with energy E1 and N2 be the no. of atoms per unit volume with energy E2. Let ‘n’
be the no. of photons per unit volume with a frequency 9 such that h9 = E2 — Ei1. Then,

energy density of interacting photon is given by

Stimulated absorption rate depends on the no. of atoms available in E1 as well as the energy

density interacting radiation. Therefore, stimulated absorption rate is
< N1
x p(¥)
= p(O)N1B1z oo cvv e o (2)
Where B12 is Einstein coefficient of stimulated absorption.

Once they are excited to higher states, after their life time they move to their lower energy
level spontaneously emitting photons. This spontaneous emission rate depends on the no. of

atoms in the excited energy state. Therefore, spontaneous emission rate is
< N2
= N2421 co vei v . (3)
WhereAz21 is Einstein coefficient of spontaneous emission.

Before de-excitation to lower energy level, they may interact with photons resulting in

stimulated emission of photon. That stimulated emission rate depends on
x N2
x p(9)
= p(9)N2B21 ... .. e .. (4)

Where B21 is Einstein coefficient of stimulated emission.
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At equilibrium, the upward transition rate must be equal to downward transition rate.

p(9)N1B12 = p(9)N2B21 + N2421

AN
p9) ==
N1312 _N2821
A21
BZl
N2 Bz

According to Maxwell Boltzmann statistics, the population of various levels is

Hence,

—E%
N1 = Nogi expﬁ

=50
N2 = Nog2 eXp pr
N2 g2 KT

Substituting (7) in (5)

A21
p(¥) = /32—1
(91512 eprz bl) TN
92 B21 KT

..(8)

From Planks law of black body radiation, the radiation density
8mh 193/ 3

N )

p(¥) = E ot S
exp (E) -1

Comparing equations (8) & (9)

—=1.......(10)
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A 3
And2t/p = 8mh Y/ 3. (11)

Equations (10) & (11) are called as Einstein relations.
Case-1:

The ratio of spontaneous emission rate to the stimulated emission rate is given by

NyAy  _ Axp 9

R = &> B = exp (=) —1
N2321:U\U) D21p(19) 4 (KT)

Therefore, spontaneous emission rate predominates. To make R smaller,p(9) has to be made
large.

Case-2:

The ratio of stimulated emission rate to the stimulated absorption rate is given by

At thermal equilibrium, Y2 « 1
N1

Instead of this, if we create N2 > N1, stimulated emission will predominant. If stimulated

emission predominates the photon density increases and LASER occur.

To achieve more stimulated emission, population of excited state (N2) should be
made larger than the population of the lower state (N1). This condition is called population

inversion.
To have LASER,

» Create population inversion.
> Increase the energy density of interacting radiation.

LASER ACTION:

Using pumping process, the no. of atoms in the excited state (N2) is greater than the

no.of atoms in the ground state (N1). i.e., N2 > N1. It is called as population inversion state.
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In the presence of external photon, we can induce the atoms in the excited state to
undergo transition to lower energy state. This is the process of stimulated emission. The
avalanche effect takes place and hence there is an amplification of light. By resonator cavity
proper feedback is given and there is enormous amplification. The output is LASER

radiation.

Proper material

Population inversion

A4

Stimulation

\ 4

Amplification

W

Positive feed back

Higher amplification

Vv

LASER output
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POPULATION INVERSION:

Three level scheme:

[h
;I Fast decay
Pukp [h
LASER transition
Ll

If the collection of atoms is intensely pumped, a large no. of atoms are excited
through stimulated absorption to the highest energy level 7. If the level 7, has very short life
time, the atoms decay fast to level 7;. If the level Tihas relatively longer life time [a state
known as metastable state] atoms tend to accumulate at 7;. With intense pumping, 71 is

more populated than . And LASER transition takes place between level 7; and level .

Hence population inversion is achieved between 7and . If the pumping continues
when the condition 1 > 7 is reached, stimulated emission rate exceeds stimulated

absorption rate. This scheme can be worked in pulsed mode only. For example ruby laser.

Four level scheme:

73
/ Fast decay
7,
4 LASER transition
[n
N\ S
T
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On pumping, the atoms are lifted from the ground state to the highest of the four
levels involved in the process. From this level, the atoms decay to the metastable state 7, and
the population of this state grows rapidly. Hence, population inversion exist between
hand 71, Therefore, laser transition takes place between higher energy level 7, and lower
energy level 7,. Hence, continuous o/p is obtained. For this to happen [ito 7 transition
should be fast. If this transition (1 — o) is slow, even four level lasers will work in pulsed

mode only.
Eg: He-Ne laser for continuous o/p and 27, laser for pulsed o/p.

MECHANISM FOR PUMPING SCHEMES:

There are different mechanisms applied to pump the atoms to higher energy states to

create population inversion. They are

e Optical pumping
e Electric discharge
e Chemical reaction

e Injection current

Optical pumping: solid lasers are optically pumped using Xenon flash lamps. Since these
materials have very broad band absorption, sufficient amount of energy is absorbed from the
emission band of flash lamp and population inversion is created. For example Ruby LASER,
Nd:YAG, Nd:glass, dye etc.

Electric discharge: population inversion can also be achieved by direct excitation as it

occurs in an electric discharge. The best example for this method is argon ion laser.

In some lasers one type of atoms are excited by electric discharge. These atoms
collide in elastically with another type of atoms. The latter atoms provide population

inversion needed for laser emission. The best example is He-Ne laser.

Chemical reaction: in this the energy is supplied directly from a chemical reaction not from

any other source. For example carbon dioxide laser.

Injection current: in some semiconductors, lasing action is produced by the conversion of
electrical energy into light energy in which recombination of electrons and holes occurs. For

example gallium arsenide laser.
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ELEMENTS OF LASER:

Active medium: the active medium is a collection of atoms or molecules that can be excited
to a state of inverted population. The two states chosen for the lasing transition must possess

certain characteristics.

First, atoms must remain in the upper lasing level for a relatively long time to provide

more emitted photons by stimulated emission than by spontaneous emission.

Second, there must be an effective method of “pumping” atoms from the highly
populated ground state into the upper lasing state in order to increase the population of the
higher energy level over the population in the lower energy level.

The active medium may be a gas, a liquid, a solid material or a junction between two

slabs of semiconductor materials.

Pumping mechanism: the excitation mechanism is a source of energy that excites, or pumps,

the atoms in the active medium from a lower to a higher energy state in order to create a

population inversion.

In gas and semiconductor lasers, the excitation mechanism usually consists of an
electric current flow through the active medium. Solid and liquid lasers most often employ

optical pumps.

Resonant cavity: the feedback mechanism returns a portion of the coherent light originally

produced in the active medium back to the active medium for further amplification by

stimulated emission

The feedback mechanism usually consists of two mirrors. Each one at end of the
active medium aligned in such a way that they reflect the coherent light back and forth

through the active medium.

Laser action: when the excitation mechanism of a laser is activated, energy flows in to the
active medium, causing atoms to move from the ground state to certain excited state. In this

population inversion is created.

Some of the atoms in the upper lasing level spontaneously emitting incoherent
photons. When these photons travel along axis of the active medium produce stimulated
emission.
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RUBY LASER:

Ruby laser is a three level solid state laser and was constructed by malman in the year
1960. It is a pulsed laser having very high power of hundreds of megawatt in single pulse
with about 10 ns duration. Ruby rods are prepared from 7.7, 73 doped with 0.05% chromium
by weight. So, that some of the Z77+ions are replaced by 772+ ions. The ruby laser systems

consist of mainly three parts:

Active medium: ruby crystal in the form of a rod of nearly 10 cm in length and 0.8 cm in

diameter.

Resonant cavity: flat end faces A and B of the rod are made strictly parallel, plane and

silvered so that the end faces A becomes fully reflecting and the end face B partially
reflecting. The rod is surrounded by a cylindrical glass tube through which water circulates to

keep the rod cool.

Pumping system: the ruby rod is arranged along the axis of a helical xenon flash tube so that

the coils of the tube surround the rod. The flash tube is provided with a suitable power supply
to flash for several milliseconds.

Construction: the ruby rod is surrounded by a xenon flash lamp tube which provides the

optical pumping to raise the 77+ ions to upper energy level. The energy level diagram of

1

80 nm

ruby laser is

N N

T —

Where R=692.7 A° and R’=694.7 A°.

W 1.4 nm

72
H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

Elsclrode Elecwode

§ h—
.‘ ... Laser output at 6543 4
ERAAAAAAAA>

>
I D AAANANANANAS

' Datially reDecling

meror ($9%4)

Taotaly refiecting
reesear { LO00%)

Flazh tabs for
opheal punping

Working: when light from the flash tube is made to fall upon the ruby rod, the chromium
atom absorb the green component 560 nm and get excited from level 1 to energy level 3.
Chromium ions stay here for a very short time of the order of 10— seconds. The transition
from [7sto [7» is non radiative in nature but produces heat. Hence cooling system is essential.
As the life time of 7, is much longer, the no. of ions in this state goes on increasing while in
the ground state goes on decreasing. In this way population inversion exist between Zand
[J1. When an ion passes spontaneously from the metastable state 7 to the ground state 7, it
emits a photon of wave length 694.3nm. This photon travels through the ruby rod and if it is
moving parallel to the axis of the crystal, is reflected back and forth by the silvered ends until
it stimulates an excited ion in 7, and causes it to emit fresh photon in phase with the earlier
photon. This stimulated transition triggers the laser transition. The process is repeated again
and again and the photons thus get multiplied. When the photon beam become sufficiently
intense, such that the part of it energies through the partially silver end of the crystal. O/p is
pulsed.

Applications:

1. Holography
2. For drilling high quality holes
3. In military as target designators and range finders.

He-Ne LASER:

For the continuous laser beam, He-Ne laser is used. The o/p laser is highly mono
chromatic, coherent and directional but o/p is generally few mill watts. He-Ne gas lasers are

used in holograms and in medicine. The He-Ne laser mainly consists of
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Active medium: this laser consists of a gas discharge tube of length 80cm and diameter 1cm.

The tube is made up of quartz and is filled with a mixture of neon under pressure of 0.1 mm
of Hg and helium under a pressure of 1mm of Hg. The ratio of He-Ne mixture is 10:1.

Resonant cavity: the mixture is enclosed between a set parallel mirrors forming a resonating

cavity. One of the mirrors is completely reflecting and the other is partially reflecting.

Pumping scheme: the electric discharge is efficient method of producing population inversion

in these gas lasers.

Construction: the construction of this laser is as shown below

Partialy
y siverad

I | [TFE&”| mirror
:,’_‘—4 He + Ne 3l Lasar
S P.L';rlc - q Oultput
g . T~
Mirror l l
Discharge
alectrodes

The different energy levels of helium atoms and neon atoms is

\ \\—Aﬂmﬁ?

__—

632.8nm

7y V

1.15um

Spontaneous engfssion

Excitation of He atoms

Vv De-excitation of neon

atoms

He Ne
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Working:

The levels 7, and 75 of helium have nearly the same energy as the 7' and &' of
4 6

neon. Where 7, and 75 are metastable states. When discharge is passed through the mixture
of gas, the electrons collide with helium atoms and excite them to the metastable states

Jrand 7. This is called pumping. The He atoms continue in these states in long time.

The He atoms collide with unexcited neon atoms raising them to the levels & and 7 .
4 6

Hence population inversion occurs w.r.t the levels 7 and 7 . Therefor the transitions occur
3 5
are

1. E' - E producing laser of 3.39 pm
6 5

2. E' - E producing laser of 632.8nm
6 3

3. E' - E producing laser of 1.15 pm
43

From the level E' the Ne atoms drop to level E* by spontaneous emission and de-excited to
3 2

ground level by collisions. Thus, they are again ready to go through the cycle.

APPLICATIONS OF LASER:

» Medical applications:

% Lasers are used in eye surgery by opthal mologists, especially in detached
retina. The retina can be attached to the choroid by heating it over a no. of
spots. The heating can be achieved by focussing a laser beam of
predetermined intensity on the retina. This can be done by using Argon ion
lasers

% Laser angioplasty: lasers are used for treatment such as plastic surgery, skin
injuries etc., this can be done by using Nd:YAG lasers.

% Dermatologists use lasers for the treatment to remove moles and tumours
developed in skin tissue and also to remove tattoos.

% Lasers are used in stomatology- the study of mouth and its diseases. Mouth
ulcers can be cured by exposing it to a laser beam.

« Lasers are used to destroy kidney stones and gall stones. The laser pulses
break the stones into small pieces.

% Lasers are used in cancer diagnosis and therapy.

%+ Lasers are used in blood loss less surgery
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% Lasers are used to control haemorrhage
% Using organ and 7.7 lasers, liver and lung treatment can be carried out.
% Lasers are used in endoscopes to detect hidden parts.

» In scientific research:

% Lasers are used to study the nature of chemical bonds.

%+ Used for isotope separation.

%+ Used to estimate the size and shape of biological cells.

¢+ Used to find the size of dust particles.

%+ Used for recording and reconstruction of holograms.

% Lasers are used to develop hidden finger prints and to clean delicate pieces of
art.

FIBRE OPTICS

INTRODUCTION:

The improvement in the communication process would mean motivation to improve

the transmission fidelity and at the same time to improve the data rate of transmission.

With the development of lasers, reliable and powerful coherent radiation became
available. So, it was natural to use this light for communication process. There are two

reasons for this

e Higher frequency

e More information carrying capacity compared to conventional radio and microwave

carriers.

Light waves cannot travel far in open atmosphere as the energy gets very rapidly
dissipated. Hence, some kind of guiding channel is needed just like for guiding electric

current in a metal wire. Optical fibre provide necessary wave guide for light.

Fibre optics technology is increasingly replacing wire transmission lines in
communication systems and is expected to be as electrical wiring even in our vehicles and

houses very shortly.
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PRINCIPLE OF OPTICAL FIBER:

The optical fibres are based on the principle of total internal reflection. An optical
fibre is a hair thin cylindrical fibre of glass. It is a flexible medium having a cylindrical shape
consisting of three sections.

1. The core
2. The cladding and
3. The outer jacket.

The structure of optical fibre is

The fibre has a core surrounded with a cladding with refractive index slightly less
than that of the core to satisfy the condition for total internal reflection. To give protection to

the fibre, a outer jacket is used.

The light launched inside the core through its one end propagates to the outer end due

to total internal reflection at the core cladding interface. This is the principle of optical fibre.

The condition for total internal reflection is

® Ucore = UcLADDING.
e ANGLE IF INCIDENCE > CRITICAL ANGLE
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ACCEPTANCE ANGLE AND ACCEPTANCE CONE:-

When we launch a light beam into a fibre at its one end, the rays which make the
angle of incidence greater than the critical angle at core cladding interface undergo total

internal reflection and propagate through the core. Other rays are lost.

So, we have to launch the beam at its end to enable the entire light to pass through the

core. This maximum angle of launch is called acceptance angle.

Consider a cylindrical fibre wire which consists of an inner core of refractive index

niand cladding of refractive index u2 where ny > no.

Let no be the refractive index of medium from which the light ray enters the fibre.

This end is called launching end.

Let the light ray enter the fibre at an angle 6: (acceptance angle) for whiché > 6., so
that light stay within the fibre.

Applying snells law of refraction at point of ray OA in to the core, we have

sin 6; ny
Ny - W 1
Sin 6~ no ( )
From triangle BCA,
0r =90—0.....cccovviiinnnn )

Refracted—\  Normal
ray

1

T
V.o, T |
215

e e -

Totally internally

Launching

ety Ldde o o [feceomy i\, Axis of the
0. Fibre
gl ) e 4
o —
\&«; Cladding n,
Therefore,
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sinf, =sin(90 — @) =cos D ............ 3)
From (1) & (3)
n
sin@ = COSP .. 4)
No
Let (6;)max occurs when @ = 0,
sin(6 ) =M o509 5)
L max n() c
We know that
ny
m
Therefore,

cos 8. = V1 — (sin.)?

=+1- (E §
= -
ry———
Cos HC = \/1_2_2 """""""""""""" (7)
7
From (5) & (7)
n2z — n2
Sin(ei)max :E\/ 1—22
No ny
NnZ=nz
Sin(ei)max — nl—nZ ......... (8)
No

If launching medium is air, then no = 1, (6:)max = 6o. Then,

sinfy = Vn2 —n2
1 2

Here 7y is called acceptance angle.

o = sin-1vVn2 — n2
1 2

If the ray OA is rotated around the fibre axis keeping o same, then it describes a

conical surface. Now, only those rays which are funnelled into the fibre within this cone

having a half angle £ are propagated. Therefore, the cone is called as acceptance cone.

Acee
C BDr;

\ NS S -
| ~:'\_-’- \ \
I R e 5 o ST G
\l‘ "I . ;\\\;;" Rl eel) o st | I‘lbr(‘ aXxis
\“. / L \\\\-"\}
< ,//’ 2 ek\ :
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NUMERICAL APERTURE:-

Light gathering ability of a fibre is determined by using numerical aperture. This is defined as

the sine of acceptance angle.

727
V2
NA=sin 6y = sin (sin-! )]
no
Vnz=nz
NA= L 2
n2—n2 No
Consider,A="1 2 - n2 —n2 = 2n2A
2n? 1 2 il
oy niv2A
No
For launch medium, o =1
NA =n1v2A

Therefore, light collecting capacity is effectively dependent on refractive indices core and

cladding and not on fibre dimensions.

TYPES OF OPTICAL FIBERS:-

1. Step index fibre
2. Graded index fibre.

Step index fibre:

These are the fibers in which the refractive index of core is maximum and constant

throughout the core as
o(0)= o oooo< oloooo)

o(0) = 0,000 0> 0[00000000]
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There is a step-wise decrease of refractive index from the core (1) to the cladding

( %) at r=a. the refractive index of cladding material (272) is given as
O, =h(1—-A)
Where 71 — refractive index of core
A—fractional difference.
There are two types of step index fibres

e Step index single mode fibre

e Step index multi-mode fibre.

In step index multimode fibre, the difference between p of cladding and core is more.
Further its core diameter is large. Generally, these are used in short distant communication

because of its attenuation.

In step index single mode fibre, the difference between p of core and cladding is very
small and its core diameter is also very small. It has low attenuation and very high band

width. It has low numerical aperture. These are used in long distant communication.
Transmission of signal:-

Generally the signal sent through the fibre is in digital form. Let us consider the
propagation of one such pulse through the multimode step index fibre. The same pulsed

signal travels in ¢ifferent nathg

<

\%

Hence, three rays reach the received end at different times. The signal received at the
end gets broadened. This is called intermodal dispersion. Due to this, the transmission rate

and capacity is reduced. This difficulty is overcome in graded index fibres.
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Graded index fibre:-

A graded index fibre is a multimode fibre with a care consisting of concentric layers
of different refractive indices. That is the refractive index of the core decreases with distance

from the fibre axis. It has a maximum value at centre and decreases with ‘r’.

e / n, » ’f
|
¢ / |
. T L=

These fibres have several modes of transmission through the core. Because of the
continuously varying refractive index across the core, the light rays are bent smoothly and

converge repeatedly at points along the cable.

The light ray near the edge of the core take a longer path but travel faster since u is

lower. The variation of refractive index of core is

(o]

n(r) =n[1-A (:l) Ifor r<a

=m[l—A] forr=a
Transmission of signal :-

Let us consider a signal pulse travelling through graded index fibre in two
differentpaths represented by (1) & (2)

cladding

DN

core

\ 4

(1)
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(1) Travels through higher refractive index
(2) Travels through lower refractive index.

Hence, both pulses reach the other end simultaneously. Then, the problem of

intermodal dispersion can be reduced to minimum in using graded index fibre.
Single Mode and Multi-Mode Fibre:-

Consider a fibre with core diameter of 2a, and cladding diameter of 2b represented in
figures.

N N
Y

Let r be a distance of core position from the axis when a light is launched at one end,
the light progresses through the fibre core in different trajectories. Each trajectory is called as
a mode.The no. of modes that a fibre allows through it depends upon the diameter of core. If
the core diameter is small it allows only one mode to travel through it. Then, the fibre is
called single mode or monomode fibre.

In single mode fibre only 77711 mode is allowed to travel through it. Zh1[the ray
along fibre axis]. The monomode fibres has very small core diameter less than 10um. if fibre
allows more no. of modes then it is called multimode fibre. The core diameter of a multimode

fibre is of the order of 50um.
V-number of a fibre:-

This indicates the no. of possible propagation modes in the core.

20
0=—0(00)

Where, 7 is the wavelength of the propagating waves.
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a is the radius of the core
NA is the numerical aperture.
» The no. of modes propagating through the step-index fibre.
VZ

Nsi = —-
2
» For the Sl two possible polarizations are there.

VZ
N51=2(7) - VZ

Therefore no. of modes in Sl fibre= 7
» The no. of modes propagating in graded index fibre

a V2
2l

Ner = [
For parabolic profile,

a=2
V2
N(;I:Z

For GI two possible polarizations are there.

VZ

Ng =2 (Z)
VZ
Ngr = >

ATTENUATION IN OPTICAL FIBERS:-

The main specification of a fibre optic cable is its attenuation. The power of the light
at the o/p end is found to be always less than the power launched at the i/p end. The
attenuation is found to be a function of fibre material, wavelength of light and length of the
fibre.

Losses intrinsic to fibres result in attenuation. These losses are

» Scattering losses
» Absorption losses

> Bending losses
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Scattering losses:

By its nature, glass is a disordered structure in which there are macroscopic variations

around the average density and local microscopic variation in composition.

Each of these give rise to fluctuations of refractive index on a scale. Due to this light
is scattered in the manner known as Rayleigh ‘s scattering. This scattering light is then lost

from the fibre.

The loss caused by this mechanism can be minimised by selecting proper fibre
fabrication method. The loss is higher in multicomponent glasses because of compositional
variations.

A . .
Rayleigh scattering loss coefficient ar = — A-constant for given material.

Absorption losses:-
Three different mechanisms contribute to absorption losses in glass fibres. There are

» UV absorption
> IR absorption

» lon resonance absorption

In pure fused silica, absorption of UV radiation around 0.14 pm results in ionisation.
Thus, there is a loss.

Absorption of IR photons by atoms with in glass molecules results in increase of random

mechanical vibrations.

OH-ions are present in the material due to trapping of minute quantities of water molecules during
manufacturing.

Bending losses:-

The distortion of the fibre from the ideal straight line configuration may also result in
losses in fibre. Tight bends cause some of the light not to be internally reflected but to

propagate in to the cladding and be lost. The loss coefficient is

R
ag = Cexp (— R—)
[

Where c¢ - constant
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R - bend radius

_ a
Re = (NA)?

a- radius of the fibre

NA - numerical aperture.
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attenuation
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10 - OH absorption
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Loss in decibels:

Attenuation is generally measured in terms of the decibels (dB) which is a logarithmic

unit. The decibel loss of optical power in a fibre is

Loss in optical power = —10 log (%) dB.
Attenuation loss is given by the number of decibles per kilometre of fibre.

Loss _ 10 15 (Pout dB/K
Km L P, ) 4B/Km.
APPLICATIONS OF OPTICAL FIBERS:-

OFC are mainly used in three different fields.

1. Fiber optic communication: The various applications of fibre optics in
telecommunication area include the voice telephones, video phones, telegraph

services, various new services and data networks all transmitted over common carrier

links.
2. Medical application: Endoscopic applications
3. Sensor field:Various kinds of sensors have been developed. They are temperature

Sensors, pressure sensor, acoustic sensor, current sensor, flow meter, strain detector,

chemical sensor, humidity sensor etc.
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Optical sensors:

The fiber optic sensors are classified in to two types

1. Active sensors
2. Passive sensors

Active sensors: the physical parameters to be sensed act directly on the fiber. These are

otherwise called as intrinsic sensors.

Passive sensors: in passive sensors, separate sensing elements are used and optical fibers

are used as guiding media

Pressure sensor:The pressure sensor is a best example for active sensor.The principle behind

the pressure sensor is interference, l,e., the path difference between the reference beam and
the beam passing through the environment.High energy laser light from the source is made to
fall on a beam splitter placed at a angle 45. The beam splitter splits incident light into two
components.One passes through reference end and another through environment end.Finally

the path difference between the o/p beams sense the change in pressure.

LASER |

Measuring :
environment |

Displacement sensor: The displacement sensor is a best example for passive sensor. The
light from the source is made to fall on the object after passing through the transmitting
fiber. The light reflected from the moving object is received by the receiving fiber and the
same is detected by the detector. The change in the intensity of light measures the
movement of the object. Increase intensity of light resembles that object is moving
towards the sensor while decrease in intensity of light resembles that object is moving

away from the sensor.
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Endoscopic applications:One of the two main endoscope cables carries light from a bright
lamp in the operating room into the body, illuminating the cavity where the endoscope has
been inserted. The light bounces along the walls of the cable into the patient's body cavity.
The diseased or injured part of the patient's body is illuminated by the light shining in. Light
reflected off the body part travels back up a separate fiber-optic cable, bouncing off the glass
walls as it goes.The light shines into the physician's eyepiece so he or she can see what's
happening inside the patient's body. Sometimes the fiber-optic cable is directed into a video

camera.

www.explainthatstuff_com
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UNIT-5

DIELECTRIC PROPERTIES

INTRODUCTION:

Dielectrics are the substances which do not contain free electrons or the number of
such electrons is too low to constitute the electric current. So, the dielectric is insulating
materials. Dielectrics are non metallic materials of high specific resistance and have negative
temperature coefficient of resistance.

Comparable to conductors, the dielectrics are

Insulators
Doesn’t conduct electricity

Charge given to them remains localized

A

For particular field strength, they lose their insulating character.

The molecules in which the centre of gravity due to positive and negative charges
coincides are called non polar molecules otherwise polar molecules. For non polar molecules
(H2, N2, Oz, CO,, BENZENE), the dipole moment is zero and they have symmetrical
structure. For polar molecules (H20, HCI, CO, N20, NH3), the dipole moment is permanent

and they have unsymmetrical structure.

When non polar dielectrics are placed in a electric field, they get polarized. This
means that the induced surface charges appear which tend to weaken the original field within

the dielectric.

When polar molecules are placed in an electric field their dipole moment increases

with increase in electric field or decrease in temperature.

ELECTRIC DIPOLE:

The arrangement of two equal and opposite point charges at a fixed distance is called

O—@

P »
< >

2l

an electric dipole.
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DIPOLE MOMENT:

The product of the magnitude of either charge and the distance between the charges is

called as electric dipole moment.
O=0x20=200
It is a vector quantity and units are “coulomb- meter.

When the dipole is placed in a uniform electric field the couple acting on it is

. T = pE sinf e —_
sinf = _ +q
Y 2 /K)z
x = 21 sin@ e >
T=FXx=qEx >
7 = qE(2l sinf) = pE sin® /_q\j_)@ ____________ >

If 6=90 and E=1N/c then t=p. Thus, dipole moment may be defined as the moment of
the couple acting on the dipole place perpendicular to the direction of uniform electric field

of unit intensity.

DIELECTRIC CONSTANT:

It is defined as the ratio of capacitance of the condenser with dielectric to the

capacitance of the same condenser without dielectric.

C
K=—
Co
Itis also defined as the ratio of permittivity of the medium to the permittivity of the free space.
£
K = 81' =
Eo

K has no units and K=1 for vacuum and K is infinity for metals.

POLARIZABILITY:

When the strength of the electric field is increased, the induced dipole moment is also

increased. So,
p=caE

Where ais called polarisability.
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So, polarisability is defined as induced dipole moment per unit electric field. Electric dipole

moment per unit volume is called dielectric polarization.

B = q(2D) _ 2,
ARD A
Where P is called polarization vector.

ELECTRIC SUSCEPTIBILITY:

When a dielectric is placed in electric field, it is polarized. So,

Where y is called electric susceptibility. So, it is defined as the ratio of polarization vector to

the electric field intensity in the dielectric.

DISPLACEMENT VECTOR:

when a dielectric is placed in between the plates of a condenser then

o
g W q
&KA  g,A €A
TN,
501,4 & KA EA
4, N ¢
A KA~ A
q
P +gE =—
+& A
P- +gE=D"

Where D is called displacement vector.

Note: since D=g/A & E=q/ (ecKA). Then D=g,KE

D> =P +&F
€KE =¢,E + P
eE(K—1)=P=yE~
SE(K—1)=yE

SO(K - 1) =X
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TYPES OF POLARIZATION:

There are three mechanisms by which electric polarization can occur in dielectric materials

when they are subjected to an external electric field. They are

1. Electronic polarization
2. lonic polarization

3. Orientation polarization.
Electronic polarization:

On the application of electric field, the displacement of positively charged nucleus
and negatively charged electrons of the atom in opposite directions, results in electronic

polarization.

Since the nucleus and centre of electron cloud are separated, dipole moment is created
in each atom. So, induced dipole moment (pe) and dielectric polarization is proportional to
field strength (E).

P.xE
If there are N no. of atoms then,
P. x NE
P. = a.NE ..............(D)
Where a. = 4meoR3 is called electronic polarisability.
lonic polarization:

This type of polarization occurs only in those dielectric materials which posses ionic
bonds such as NaCl. When such material is subjected to an external electric field, the
adjacent ions of opposite signs undergo displacement. Therefore, ionic polarization is due to

displacement of cations and anions in opposite direction.

Pi=aiE

Where gL, (i ok i) is called ionic polarisability.

L w2 m M

Orientation polarizasbility:
Polar dielectrics exhibit orientation or dipolar polarizability.

When an external field is applied to polar dielectrics, they tend to align themselves in

the direction of external applied field. The polarization due to such alignment is called
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orientation polarization. This is dependent on temperature and decreases with increase in

temperature.

With increase of temperature, the thermal energy tends to randomize the alignment.
So,

P, = Na.E

2
Where 0, = — is called orientation polarizability.

300

Total Electric polarization:

The Total Electric polarization is the sum of electronic polarization, ionic polarization,
orientation polarization, and space charge polarization. Among these, the space charge
polarization is very small compared to others. So it can be neglected. Therefore the total

polarizability is given by
a=detoitao

Therefore,

e’ 1 1 e
P=N|4 . ﬂ(— —) — | E
(‘R’EDT + (Cﬂu‘ m+M )—!— EKT)

This equation is called Langevin- Debye equation

INTERNAL FIELDS IN SOLIDS:

In solids, the atoms are very close to each other and interact considerably. When an
electric field is applied, the atoms are polarized. Each of the atoms develops a dipole
moment. i.e., each atom acts as dipole. Therefore, electric field at any given atom is the sum
of applied electric field plus the electric field due to surrounding dipoles. This resultant local
field is called as internal field.

Expression:

Consider a solid dielectric be placed between the plates of a parallel plate capacitor
and let there be an imaginary spherical cavity around the atom a inside the dielectric. It is also
assumed that the radius of the cavity is large compared to the radius of the atom. The internal
field at the atom site A is given by
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I.  Ei field:
E1is the field intensity at A due to the charge density on the plates.

D
E1 =
€o
D =P+ &F
Therefore,
P+ &E
1 —t
Eo
P
E1 =—+ E
&o
I1. E2field:

E> is the field intensity at a due to the charge density induced on the two sides

of the dielectric.

P
E2=——
€o
P
E1:—+E
€o

1.  Es field:

It is the field due to other atoms contained in the cavity. Since it is a cubic

structure, due to symmetry Ez=0.
IV.  Ejfield:

It is the field due to polarization charges on the surface of the cavity and was

calculated by Lorentz.

T
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If dA is the surface area of the sphere of radius r lying between 6 and 6+d6. then,
dA=2T1(PQ)(QR)
PQ=rsin 6
QR=r do
Therefore, dA=2I1r? sin 6 do
The charge on the surface dA is
dg=P cos 6 dA
=P2[1r?sin 0 cos 6 do

=PI1r?sin20 do

Therefore,
dq X 1X cosf
dE, =————
* 41,12
& cos@sin26 do
4¢,
So,
Es=[dEs
P

J cos @sin26 deo

Eo

[ cos20sin0O dé
2&

P
= 2 [ cosz6 d(— cos6)

0

=-—[-1-1
=l ]
P

N 3&

THEREFORE INTERNAL FIELD, N S
Ei=E+———+0+
EpEy 5 3&

Ei=E+ 3z,
CLASSIUS-MOSOTTI RELATION:

Consider a dielectric having cubic structure. Since for these materials, there are no

ions and permanent dipoles, ai=oe=0
Hence,

95
H&S,NRCM Dr. A Mohan Babu, Professor & Director




APPLIED PHYSICS AP1102BS

P

P =a.NE; = a.N [E +
3¢&
a,N
P[1-"]=la yg]
3&, e

]

[a.NE]

we know that
So,
[a.NE]

[1 -5
aeN » [aeNfso
3e,  [g,(&r — 1)]

_aN [1— 3
3& [(er — 1)]

aeN 1 81' 3 1

3&, 2 1+ 3 4 &+ 2
[(sr—D)]

SQE(gr a 1) =

1

This is called classius-mosotti relation.
Piezo electricity:

Piezo electric phenomenon was discovered by curie brothers in 1880. Some of the
materials when compressed or stretched in a certain direction become polarized and

polarization charges appear on its surface.

Polarization of a dielectric as a result of mechanical deformation is called as piezo

electric effect. The crystals that exhibit this effect are called piezo electrics.

These materials exhibit inverse piezo electric effect. When electric stress is applied to
materials they become strained. Strain is proportional to applied field. This piezoelectric

effect is utilized in conversion of mechanical energy in to electrical energy and vice versa.

Example: quartz crystal, ceramic.

Applications:

1. Quartz is used for filter, resonator.

2. Rochelle salt used as transducer in gramophones, ear phones.
3. Ceramics are used as high voltage generators, accelerometers.
4

Semiconductors used as amplifier of ultrasonic waves.
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PYRO ELECTRICITY:

Pyro electric effect is the change in the spontaneous polarization when the

temperature of the specimen is changed.

The pyro electric coefficient A is defined as the change in polarization per unit
temperature change of specimen.

dpP

A==
dT
Applications: the pyro electric materials such as BaTiOgz, LiNiBOs etc are used to make very

good infra red detectors which can operate at room temperature.

FERRO ELECTRICITY:

There are some classes of dielectrics which posses a

i.  Non linear relation between P & E.
ii.  Dielectric constant that changes with temperature.
iii.  Electrical hysteresis.

i.e., variation of polarization with applied field.

Therefore, Ferro electric materials are that class of dielectric materials which popsses
electrical properties which are analogues to the magnetic properties of a ferro magnetic

materials.
Example: BaTiO3, KH2POs, NaKCsH406.4H20, Rochelle salt.

Applications:

1. Used to manufacture small sized capacitors of large capacitance
2. Used as memory devices in computers

3. Used to detect infrared solutions
4

Used in electromechanical filters.
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MAGNETIC PROPERTIES

INTRODUCTION:

Magnetic materials are those substances which get magnetized when placed in a
magnetic field. So, the substance develop magnetization which may be parallel or antiparallel
to the applied field. Depending upon the magnitude and sign of response to the applid field,
and also on the basis of temperature on the magnetic properties, all materials are classified as

follows.

Diamagnetic materials
paramagnetic materials
ferromagnetic materials

antiferromagnetic materials

o~ b E

ferrimagnetic materials

PERMEABILITY:

The magnetic permeability (i) of any material is the ratio of magnetic induction in the

sample to the applied magnetic field intensity.

o
L=
o

Units are H/m.

FIELD INTENSITY:

The magnetic field intensity (H) at any point in the magnetic field is the force

experienced by an unit north pole placed at that point.
Units are A/m

MAGNETIC FIELD INDUCTION:

The magnetic field induction (B) or magnetic flux density in any material is the no.of

lines of magnetic force passing through unit area perpendicularly.
Units are Wb/m? or Tesla

The magnetic induction B and intensity H are related by
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B= HoH
Where o is permeability of free space=4nx10"" H/m

In the medium, B= pH.

The ratio of p/ pO is called relative permeability.so, p, = uﬂ
0

MAGNETIZATION:

When a magnetic substance is placed in a magnetic field, the substance acquires
magnetic moment (M). The magnetic moment per unit volume of the substance is called as

intensity of magnetization (1).

7
O=—
0
Units are A/m

MAGNETIC SUSCEPTIBILITY:

It is defined as the ratio of intensity of magnetization | to magnetic intensity H.
Therefore,
o
15z
It has no units.

CLASSIFICATION OF MAGNETIC MATERIALS:

The distinction of magnetic materials depends upon whether the atoms carry

permanent magnetic dipoles or not.

Materials which are lack of permanent dipoles are called diamagnetic.

If the atoms of the material carry permanent magnetic dipoles, such materials may be
Paramagnetic- permanent dipoles do not interact among themselves.
Ferromagnetic- if they interact and line up themselves in parallel.

Anti Ferro & ferri magnetic: if they interact and line up themselves anti parallel
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In anti ferromagnetic materials, the magnitude of permanent dipoles aligned anti

parallel are equal and hence magnetization vanishes.

In ferri magnetic materials, the magnitude of permanent dipoles aligned anti parallel

are not equal and hence exhibiting magnetization
Diamagnetic:

The substance which when placed in the magnetic field acquire feeble magnetism
opposite to the direction of the field are known as dia magnetic substances.

Eg: bismuth (Bi), zinc (Zn), copper (Cu), silver (Ag), gold (Au)

Properties:

1. when a bar of dia-magnetic material is suspended freely between two magnetic poles,
then the axis of the bar becomes perpendicular to magnetic field.

2. p<l1and y is negative.

3. When U-tube containing diamagnetic liquid is placed in magnetic field then it shows
depression.

4. When a dia magnetic substance is placed in non uniform magnetic field then it tends

to move from stronger part to the weaker part of the field.
Paramagnetic:

The substance which when placed in a magnetic field, acquire feeble magnetism in

the direction of magnetic field are known as paramagnetic substance.
Eg: aluminum (Al), platinum (Pt), manganese (Mn), oxygen (Oz).

Properties:

1. When a bar of paramagnetic substance is placed in a magnetic field, it tries to
concentrate the lines of force in to it.

2. p>1land y is small & positive.

3. When a bar of paramagnetic substance is suspended freely between two magnetic
poles, its axis becomes parallel to magnetic field.

4. When U-tube containing paramagnetic liquid is placed in magnetic field then it shows

arise.
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5. When a dia magnetic substance is placed in non uniform magnetic field then it tends
to move from weaker part to the stronger part of the field.

Ferro magnetic substances:

The substance which when placed in a magnetic field, becomes strongly magnetized

in the direction of field are known as Ferro magnetic substances.
Eg: iron (Fe), nickel (Ni), cobalt (Co), magnate (Fe3Oa4).

Properties:

1. When a Ferro magnetic material is subjected to the influence of a magnetic field,
there will be a crowding of flux lines in the body.
2. They are attracted by magnets.

3. Obeys curies law
1
O« —
o

4. Above curies temperature, Ferro magnetic substance changes to paramagnetic

substance.

o

These all materials posses the propertie3s of paramagnetic substances.

DOMAIN THEORY OF FERROMAGNETISM ON THE BASIS OF HYSTERESIS
CURVE:

In Ferro magnetic substances, the atoms due to certain mutual interaction, form
innumerable small effective regions called domains. Each domain contains 1017 to 1021
atoms whose magnetic axes are aligned in the same direction even in the absence of any

external field. Each domain is strong magnet.

When a ferromagnetic substance is placed in an external magnetic field, the magnetic

moment increase in two different ways:

1. By the displacement of the boundaries of the domains:
When the substance is placed in magnetic field, the domains which are
oriented favorable with respect to the external field increases in size while

those oriented opposite to the external field are reduced.
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2. By the rotation of domains:
The domains rotate until their magnetic moment aligned more or less in the
direction of external magnetic field.

When external field is weak, the substance is magnetized mostly by the
boundary displacement. On the other hand, in strong magnetic fields, the
magnetization takes place mostly by the rotation of domains.

On the removal of external field, the boundaries do not move
completely back to their original position and hence the substance is not
completely demagnetized. At high temperatures, the domains break up and

ferromagnetic substance becomes paramagnetic.

— — \\ T //
> 1 ipaedl
— «—— // T \\

HYSTERESIS CURVE:

Consider an unmagnetised ferromagnetic substances in a magnetizing field. The
substance shows a relation between intensity of magnetization and strength of magnetic field.

Thios property is called hysteresis.

i.  When a substances is slowly magnetized, the intensity of magnetization | increases
with field H. As part OA.

At point A, the intensity of magnetization | becomes constant. That is the state
of magnetic saturation.

ii.  Now, consider that magnetizing field H is decreased it is onvious from figure that
intensity of magnetization also decreases but it doesn’t follows the path AO. It
follows the path AB. At B, | has some value even H=0. The value of intensity of
magnetization for which H=o is called retentivity or residual magnetism.

iii.  Further consider the direction of H is reversed. As H increases in reverse direction, |

decreases and becomes zero. The value of magnetizing field for which residual
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magnetism is destroyed is called coercivity. Further increase of H in reverse direction

gives saturation point D.

iv.  If now the field is increased in steps, a curve DEFA is obtained. In throughout the

cycle, 1 lags behind H. thus, lagging of intensity of magnetization behind the magnetic
field is called hysteresis and path ABCDEFA is called hysteresis loop.

SOFT AND HARD MAGNETIC MATERIALS:

Hard magnetic materials Soft magnetic materials

1. These materials have large hysteresis loss
due to large hysteresis loop area.

1. These materials have less hysteresis loss

due small hysteresis loop area.

2. In these materials domain wall movement
is difficult.

In these domain walls movement is

relatively easier.

3. Coercivity and retentivity are large. Hence
magnetization and demagnetization of

these materials is difficult.

Coercivity and retentivity are small.
Hence magnetization and demagnetization

of these materials is easy.
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